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Nowadays the developments of clean energy technologies become more and more necessary and 
important. Hydrogen-powered vehicles are a promising alternative to the current fossil fuel based 
vehicle infrastructure. However, so far there is still no hydrogen storage material which can fit the 
standards for an on-board hydrogen storage system.  
On this background, this work deals with the development of a hydrogen storage material. The focus is 
put on the Lithium amide + Lithium hydride (LiNH2+LiH) hydrogen storage system because of its high 
theoretical capacity and relatively low desorption temperature. Moreover, Lithium amide + Magnesium 
hydride (LiNH2+MgH2) as an alternative system was also briefly studied.  
The aims of this work are to achieve a deeper understanding of the reaction mechanism with the help of 
microstructural and thermodynamic studies, building a model to describe the sorption process and then 
to improve the system properties. 
As the desorption from LiNH2 particles is the first step of the desorption process of the LiNH2+LiH 
system, the properties and sorption behavior of LiNH2 sample materials were studied separately first. So 
the work in this thesis can be mainly divided into two parts: LiNH2 samples and LiNH2+LiH samples. In 
order to activate the sample materials, both dry ball milling and wet ball milling (with tetrahydrofuran) 
methods were used. Boron nitride was mainly applied as catalyst. Furthermore, titanium tetrachloride 
was also used as an alternative additive. The sorption behaviors were studied with the help of a 
volumetric and a gravimetric system. Further investigation methods include X-ray Diffraction (XRD) 
method, Scanning Electron Microscope (SEM), Brunauer–Emmett–Teller (BET) method, Differential 
Thermal Analysis (DTA)/ Thermo Gravimetric Analysis (TGA)/ Mass Spectrometry (MS), and others. 
The results obtained in this work show that no obvious microstructure differences have been found 
between the wet ball milled and dry ball milled samples. Boron nitride (BN) as additive has improved the 
recyclability of the LiNH2+LiH system clearly. The activation energy of the desorption reaction of wet- 
and dry ball milled samples have been reduced with BN as additive. BN did neither influence the 
crystallite sizes nor the particle sizes of both of the LiNH2 and LiNH2+LiH as milled samples clearly. 
However, it has been found that BN can stabilize the crystallite sizes of LiNH2+LiH samples during the 
high temperature desorption and absorption processes. Titanium tetrachloride as alternative additive 
had also improved the recyclability of LiNH2+LiH samples. However, the resulted system pressure was 
not as high as that of the LiNH2+LiH samples with BN as additive. BN did not improve the recyclability of 
the LiNH2+MgH2 samples. Apart from the experimental work, a model to describe the desorption 







In der heutigen Zeit nimmt die Entwicklung von Technologien zur Nutzung erneuerbarer Energien einen 
hohen Stellenwert ein. Wasserstoff bietet sich als vielversprechende Alternative zu den aktuell 
überwiegend verwendeten fossilen Brennstoffen an, insbesondere auch im Bereich der individuellen 
Mobilität. Allerdings ist gegenwärtig kein Speichermaterial verfügbar, das alle Anforderungen für die 
Wasserstoffspeicherung im Fahrzeug zufriedenstellend erfüllt. 
Vor diesem Hintergrund beschäftigt sich die vorliegende Arbeit mit der Entwicklung eines 
Wasserstoffspeichermaterials. Der Fokus liegt hier auf dem System LiNH2+LiH. Interessant wird dieses 
System durch seine hohe theoretische Wasserstoffspeicherkapazität sowie eine vergleichsweise niedrige 
Desorptionstemperatur. Darüber hinaus wurde LiNH2+MgH2
 
als Alternativsystem untersucht. 
Ziel dieser Arbeit ist es anhand von Mikrostruktur- und thermodynamischen Untersuchungen ein 
tieferes Verständnis der Reaktionsmechanismen im System zu erlangen. Zudem soll ein Modell 
erarbeitet werden, welches die Sorptionsprozesse des Systems beschreibt. Nicht zuletzt sollen die 
gewonnen Erkenntnisse in die Weiterentwicklung des Systems einfließen.  
Die vorliegende Arbeit gliedert sich in zwei Hauptteile. Da die Zersetzung von LiNH2-Partikeln den ersten 
Schritt des Desorptionsprozesses im LiNH2+LiH-System darstellt, wurde dieser Schritt im ersten Teil der 
vorliegenden Arbeit separat betrachtet. Im zweiten Teil der Arbeit steht das Gesamtsystem LiNH2+LiH im 
Vordergrund. Um das Probenmaterial zu aktivieren, wurden sowohl trockene als auch nasse 
Kugelmahlprozesse eingesetzt. Bei der Mehrzahl der Versuche wurde Bornitrid als Katalysator 
eingesetzt. Alternativ wurde auch Titantetrachlorid verwendet. Zur Untersuchung des 
Sorptionsverhaltens standen sowohl ein volumetrisches als auch ein gravimetrisches System zur 
Verfügung. Weitere Charakterisierungsmethoden umfassen unter anderem Röntgenbeugung, 
Rasterelektronenmikroskopie, BET-Messungen und TG/DTA-MS.  
Die im Rahmen dieser Arbeit erzielten Ergebnisse zeigen, dass hinsichtlich der Mikrostruktur keine 
erkennbaren Unterschiede zwischen nass- und trockengemahlenen Proben auftreten. Die Zugabe von 
Bornitrid als Additiv hat die Rezyklierbarkeit des Systems LiNH2+LiH klar verbessert. Durch die Zugabe 
von Bornitrid als Additiv konnte die Aktivierungsenergie der Desorptionsreaktion sowohl für die nass- als 
auch der trocken gemahlenen Proben gesenkt werden. Weder hatte die Zugabe von Bornitrid einen 
deutlichen Einfluss auf die Kristallitgröße noch auf Partikelgröße von LiNH2 und LiNH2+LiH nach dem 
Mahlprozess. Jedoch konnte gezeigt werden, dass Bornitrid zu einer Stabilisierung der Kristallitgröße 
während der Hochtemperaturdesorptions- und -adsorptionsprozesse führt. Titantetrachlorid als 
alternatives Additiv führte ebenfalls zu einer verbesserten Rezyklierbarkeit der LiNH2+LiH Proben. Der 
resultierende Systemdruck war jedoch niedriger als beim Einsatz von Bornitrid als Additiv. Durch den 
Einsatz von Bornitrid konnte bei den LiNH2+MgH2 Proben keine Verbesserung der Rezyklierbarkeit 
erreicht werden. Um den Desorptionsprozess besser zu verstehen, wurde neben den experimentellen 
Arbeiten ein Modell entwickelt, welches das Desorptionsverhalten von LiNH2-Partikeln  beschreibt. 
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1. Introduction 
1.1 Clean Energy and Hydrogen 
In the last century, the energy supply was mainly based on coal, crude oil, and natural gas 
[Var10]. However, this fossil fuel-based economy will lead to several new problems in the 
future. The first one is the shortage of the crude oil supply. The so called “Hubbert peak theory” 
shows that the world crude oil production will decline in the near future. This theory can be 
applied not only to crude oil, but to many other natural resources, e.g. gas [Ben02], coal 
[Tao06], etc. Other problems arise due to the growing amounts of the greenhouse gas CO2 in 
the atmosphere and the difficulties to control global warming and climate changes. From this it 
becomes clear that progress in carbon-free energy sources is essential to protect our 
environment and the development of the whole world. 
Nowadays carbon-free energies mainly include wind energy, solar energy, hydrogen energy, 
etc. Lately, the first two energy sources have been developed well. However, both of them are 
fluctuating sources and the produced energy is not easily storable and transportable [Cro10]. In 
this context, hydrogen energy has attracted attention as a clean energy storage alternative. It is 
carbon-free, abundantly available from water, and has an exceptional gravimetric energy 
density which can reach up to 142 MJ/kg [Bro11]. However, the problem is that at atmospheric 
pressure hydrogen exists as low density gas.  For example, 1 kg of hydrogen occupies a volume 
of about 12 m
3
 at room temperature and atmospheric pressure. Therefore suitable hydrogen 
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1.2 Hydrogen Storage Target 
The US Department of Energy (DOE) has defined the standards for an on-board hydrogen 
storage system. The target for the year 2010 [Uni05, Kle13] was a system storage capacity 
exceeding 6 wt% (2.0 kWh/kg) around 100°C [Osb09]. However, at the time of writing, a new 
target has been set [Uni09] for the year 2017, which is 5.5 wt% (1.8 kWh/kg). Moreover, the 
new target also requires a volumetric energy density of 1.3 kWh/l (0.04kg/l), a refueling time of 
less than 3.3 min per 5 kg, a minimum lifetime of 1500 hydrogenation/dehydrogenation cycles 
and a net storage system cost of less than 2 USD/kWh. Until now there is still no system which 
can satisfy all these demands. Table 1.1 shows the subset of original and revised DOE targets 
for on-board hydrogen storage systems for light-duty vehicles. 
Table 1.1: A subset of original and revised DOE targets for on-board hydrogen storage systems for light-
duty vehicles [Kle13] 
Storage system parameter Original 2010 target Revised 2010 target 2017 target 
Gravimetric capacity (%) 6 4.5 5.5 
Volumetric capacity (g H2/l ) 45 28 40 
Operational life (numbers of cycles) 1000 1000 1500 
Fill time for 5 kg (min) 3 4.2 3.3 
Minimum full flow rate (g H2/(s*kW) 0.02 0.02 0.02 
Min. delivery pressure (atm) 8 5 4 
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1.3 Motivation and Aim of the Work 
As discussed in section 1.1, nowadays it becomes more and more urgent and important to 
develop clean energy in order to protect the environment. Hydrogen storage material 
development is one essential part for the hydrogen energy development. At the moment 
several different hydrogen storage materials are available. However, state-of-the-art hydrogen 
storage materials do not meet all the requirements shown in Table 1.1.  
From the requirements for the storage capacity, it follows that the physical hydrogen storage 
materials are far below the stated requirements. However, complex hydrides are promising 
materials to fulfill the requirements due to their higher hydrogen storage capacity. Among the 
complex hydrides, the LiNH2+LiH system holds a relatively high theoretical storage capacity (>6 
wt%) and low desorption temperature (< 250°C).  
On this background, the specific aim of this work is to develop a hydrogen storage material 
based on the LiNH2+LiH system. A deeper understanding of the material´s hydrogen desorption 
mechanisms shall be achieved by means of microstructural and thermodynamic studies and 
help to further enhance hydrogen storage properties of the material. 
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1.4 Outline 
Chapter 2 begins with an overview of novel solid hydrogen storage materials, including physical 
and chemical storage materials. Their main advantages and disadvantages are illustrated. The 
LiNH2+LiH hydrogen storage material is introduced in a separate subchapter with more details. 
That includes the reaction equations, thermaodynamic values, possible activation methods and 
state-of-the-art model analysis development. Methods to characterize gas sorption ability and 
theoretical background of the thermodynamic calculation are also introduced in chapter 2.  
Chapter 3 gives the introduction of the experiment materials and experimental methods used 
in this study. In order to reduce the particle sizes of the samples, the ball milling method was 
used. Characterization methods are amongst others XRD, SEM, DTA/TG and BET. There are two 
devices to characterize the desorption and absorption ability of the samples, namely the 
volumetric Belsorp-HP system and the gravimetric system ISOSORP-MSB. 
Chapter 4 is devoted to describe the experimental results and discuss them. As the LiNH2 
decomposition is the first step of the desorption process, the desorption behavior of the LiNH2 
powders influence the system performance critically. Due to this reason, the characters of 
LiNH2 were studied in the first part of Chapter 4. Beside normal dry ball milling process, some 
samples have also been wet ball milled with tetrahydrofuran (THF). Some of the samples were 
doped with 3 wt% boron nitride (BN) as catalyst.  
In the second part of Chapter 4, the LiNH2+LiH samples are investigated. The dry ball milled and 
wet ball milled (with THF) samples with different milling time are studied. LiNH2+LiH samples 
have been doped with different amounts of BN. Titanium tetrachloride (TiCl4) as an alternative 
additive has also been tried with the LiNH2+LiH samples. Furthermore, a short investigation was 
also done with the LiNH2+MgH2 system.  
Additionally, a model has been built up to describe the desorption process of the LiNH2 
powders in Belsorp-HP system. However, some of the parameters of the model still need to be 
further adjusted to the experiment results.   
Background 
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2. Background 
2.1 Physical Hydrogen Storage Methods and Materials 
2.1.1 Gaseous Storage 
The storage of gases in pressure vessels is a tested and viable technology. For hydrogen gas, 
this state is called compressed gaseous hydrogen (CGH2 or CGH2).  It is also currently the main 
hydrogen storage method used in automotive applications. Compressed hydrogen storage 
refers to storing hydrogen at high pressures, typically 35-70 MPa [Hua11]. Figure 2.1 shows a 
typical CGH2 tank suitable for a small car. 
 
 
Figure 2.1: Example for a CGH2 tank with a storage density of 40.2 kg/m
3
 (70 MPa) [VBG12] 
Gas phase hydrogen storage is a relatively easy method. Compared to liquid phase storage, the 
energy demand for compression is significantly less. On the other hand, it is still of 
disadvantage that a relatively large volume is required.  
2.1.2 Liquid Storage 
Other than gas, hydrogen can also be stored as liquid at -253°C. Liquefaction was first achieved 
by Dewar in the year 1898 [Dew98]. The density of liquefied gases can reach 70 kg/m
3
[Sat07], 
which is considerably higher compared to gas phase storage. However, the volumetric energy 
Background 
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of liquid hydrogen is still low as compared to other fuels; approximately a factor of 4 as 
compared to gasoline [God12]. 
 
Figure 2.2: Example of a liquid hydrogen fuel tank in the boot of a car [Ble12] 
When storing hydrogen as liquid, the energy required to liquefy is critical [Heu03]. On the other 
hand, state-of-the-art applications for passenger vehicles consist of double-wall cylindrical 
tanks that hold a hydrogen storage mass of up to 10 kg. One example is shown in Figure 2.2. 
The ideal shell material of the tank is stainless steel, because it is very resistant to hydrogen 
brittleness and shows very low hydrogen permeability. This, however, increases the weight of 
the whole tank system including valves and heat exchanger to more than 100 kg [Kra03].  
2.1.3 Carbon 
Carbon materials such as activated carbon, carbon nanotubes and carbon nanofibers are the 
subjects of intensive study for hydrogen storage. This group of materials has a high specific 
surface area, which can physically absorb hydrogen on the surface or in the internal volume of 
the porous structures. The hydrogen storage ability depends nearly linearly on the specific 
surface area of the material [Jim09]. A typical proportionality constant between storage ability 




[Ebe09]. The absorption mechanism is 
physical absorption, which means the bond between hydrogen molecular and carbon material 
is very weak. Therefore, high pressures and low temperatures are typically required for 
hydrogen storage with carbon material. 
Background 
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2.1.3.1 Carbon Nanofibers 
The term graphite nanofiber is used in parallel to the term carbon nanofiber [Str06]. There are 
mainly three structural forms of carbon nanofibers: tubular, platelet and herringbone. They are 
classified by the angle of the graphite layer with respect to the filament axis.  
Figure 2.3 shows the structure of a graphite nanofiber and details of the hydrogen absorption 
process. The interlayer spacing (0.34 nm) is sufficiently large to allow for the entrance of 
molecular hydrogen (diameter 0.29 nm) while restricting the entrance of other gas molecules 
such as oxygen and nitrogen. According to the early reports, the hydrogen storage ability can 
reach 3.3 wt % at 298 K and a pressure of 4.83 MPa [Hua07]. Hydrogen storage densities up to 7 
wt% were reported to be achieved by Dillon et al. [Dil00]. However, according to later more 
fully reproducible and convincing data [Jim09], the storage ability of carbon nanofibers is 
actually very low (around 0.04 wt%). 
 
Figure 2.3: Schematic representation of the structure of a graphite nanofiber and details of the hydrogen 
absorption process [Ter98] 
2.1.3.2  Carbon Nanotubes 
Besides carbon nanofibers, carbon nanotubes (CNTs) with empty inner spaces and inter-tube 
spaces have been investigated intensively as hydrogen storage material in recent years.  
Carbon nanotubes can be further classified into 2 groups: multi-walled nanotubes (MWNTs) 
and single-walled nanotubes (SWNTs). The SWNTs are a kind of fullerene, seamless cylinders 
wrapped with graphite. The diameter is 1-3 nm [Ku02]. MWNTs consist of multiple layers of 
graphite rolled on themselves to form tube shapes. Figure 2.4 shows the schematic diagrams of 
Background 
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SWNTs and MWNTs. MWNTs can be classed into two groups: Russian doll model and 
parchment model. For the MWNTs with the Russian doll model, sheets of graphite are arranged 
in concentric cylinders; while for the parchment model, a single sheet of graphite is rolled in 
around itself, similar to a rolled up paper. The inner diameter of MWNTs is about 1.5-15 nm, 
the outer diameter is around 2.5-30 nm and the interlayer distance is always in the range of 
0.34-0.36 nm [Str06].  
 
Figure 2.4: Schematic diagrams of single-walled carbon nanotubes (SWNTs) and multi-walled carbon nano-
tubes (MWNTs) [Nan13] 
The hydrogen storage ability of carbon nanotubes shows no big difference from that of carbon 
nanofibers. Although really high sorption capacity for carbon nanotubes was reported in early 
report [Che01], it is now widely accepted that these results were incorrect and more reliable 
data have been published in the past few years suggesting that the adsorption of carbon 
nanotubes or carbon nanofibers shows a comparable behavior as that of other carbon 
materials [Ebe09]. 
2.1.3.3 Activated Carbon 
Other than carbon nanotubes and carbon nanofibers, activated carbon has been utilized for 
decades to store gases. The production methods can be classified into physical reactivation and 
chemical activation. For physical reactivation, carbon containing material is first pyrolyzed at 
temperatures around 600-900°C in inert atmosphere. Then, the carbonized material is exposed 
Background 
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to oxidizing atmospheres. For chemical activation, prior to carbonization, the raw material is 
impregnated with certain chemicals. The chemical is typically an acid, strong base, or a salt. 
Activated carbon is much cheaper to produce than carbon nanofibers or carbon nanotubes. At 
the same time, the specific surface area is even larger than that of the other two materials 
[Jim09]. Properties such as porosity, pore size distribution (PSD), and specific surface area (SSA) 
of the material largely affect the hydrogen storage capability. 
Some scientists have also tried to use activated carbon as structure material for hydride 
hydrogen storage material. The methods include chemical impregnation [Fan08] and melt 
infiltration [Gao10]. The results showed that the hydrogen desorption kinetics were improved. 
2.2.4 Metal-Organic Frameworks (MOFs) 
MOFs (also called coordination frameworks, coordination network materials or coordination 
polymers) are novel hydrogen storage materials. These materials are crystalline coordination 
polymers which contain organic ligands as linkers and metal ions or clusters as nodes. The 
hydrogen storage mechanism for MOFs is also, as activated carbon physical sorption. The 
illustration of MOFs synthesis and chemical composition is shown in Figure 2.5. The most 
important character of MOFs is that they have a much higher surface area (e.g., 5900 m
2
/g 
[Zha08]) than carbon materials (1000 m
2
/g or less) [Kum11]. 
Background 
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Figure 2.5: Illustration of MOFs synthesis and chemical composition [Zha08] 
Rosi and co-workers [Ros03] were among the first to study the hydrogen uptake behavior of 
MOFs. They established a hydrogen uptake of 4.5 wt% at 78 K and 1 wt% at ambient 
temperature and a pressure of 20 bar. Compared with carbon materials, MOFs always show 
better hydrogen storage capability at very low temperature (77K). The key objective to enhance 
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2.2 Chemical Hydrogen Storage Materials 
2.2.1 Metal Hydrides 
Although the first metal hydride was discovered more than 100 years ago, intensive research on 
this class of materials is relatively new [Hir10]. One important application of metal hydrides 
began in the 1960s, when metal hydrides were applied as negative electrodes of nickel-metal 
hydride (Ni-MH) batteries [Bro11]. This has been the most successful commercial application of 
metal hydrides. On the other hand, metal hydrides are also exploited in a number of other 
applications, such as gas separation and purification, temperature sensing, thermal 
compression, etc. Nowadays, metal hydrides form an important group among chemical 
hydrogen storage materials. Figure 2.6 shows a schematic of a metal hydride. 
 
Figure 2.6: Schematic of a metal hydride. Hydrogen molecules (red) are inserted in between the atoms of 
the solid metal lattice [Sch01] 
With some metals and alloys, hydrogen forms metal hydrides leading to solid-state hydrogen 
storage at moderate temperatures and pressures. This gives them the important safety benefit 
over the gas and liquid storage methods [Sak07]. Many metal alloys can react with hydrogen 
reversibly to form metal hydrides. However, only a few are appropriate for hydrogen storage 
[Heu03]. They must absorb and desorb hydrogen at moderate temperature and pressure; and 
second, they must be stable to keep their reactivity and capacity over many cycles. They can 
primarily be divided into two groups: intermetallic compounds and solid solution alloys.  
Background 
- 12 - 
 
For the intermetallic compounds, the host materials are ordered stoichiometric compounds 
typically formed from two metallic components A and B, where element A has a high affinity to 
hydrogen and element B has a low affinity to hydrogen [Zue03]. When AB reacts with hydrogen, 
the A and B components tend to form hydrides AHx and BHy, with enthalpies of formation ΔHA 
and ΔHB, representing a stable and an unstable hydride respectively. Compared to pure metal 
hydrides, intermetallic hydrides are considered to have a wider range of hydride stability. After 
reaction with hydrogen, the resultant intermetallic hydride AmBnHz (m and n are integers and z 
is a real number) has an enthalpy of formation: ∆HAB, where ∆HA<∆HAB<∆HB [Bro11]. Different 
n/m ratios influence the value of ∆HAB. Hydrogen-absorbing intermetallics form several 
different groups, which can be distinguished according to their stoichiometry, including AB5, 
AB2, AB3, A2B7, A6B23, AB and A2B compounds. Some examples are shown in Table 2.1.  
The application of intermetallic hydride compounds began with the negative electrode of Ni-
MH batteries in the 1960s [Bro11]. However, the storage capacities of this group of materials 
are still far away from the DOE target quoted in Table 1.1.  
Solid solution alloys, formed by dissolving one or more hydrogen-absorbing metallic elements 
in another, show also interesting hydrogen storage properties. Unlike the intermetallics 
described above, these materials do not necessarily have stoichiometric or near-stoichiometric 
compositions [Bro08]. They can be formed from a number of host solvents, including Pd, Ti, Zr 
and V. The so-called Laves phase-related Body-centered cubic (BCC) solid solution alloys are 
related materials, which are Ti–V–Mn, Ti–V–Cr, and Ti–V–Cr–Mn compounds that contain both 
Laves and BCC phases. However, similar to the intermetallic compounds, this group of material 
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Table 2.1: The most important families of hydride-forming intermetallic compounds [Zue03, Sch01] 
Intermetallic compound type Example Theoretical capacity in wt% 


















There is a metal hydride which plays a very important role as hydrogen storage material: 
magnesium hydride (MgH2). At first sight, MgH2 is an attractive material. It exhibits a relatively 
low molecular weight, high hydrogen storage capacity (gravimetric capacity: 7.66 wt%), and a 
low material price. However, MgH2 also has disadvantages such as slow reaction kinetics and 
high decomposition temperature. Apart from its high thermodynamic stability (ΔH = -75 
kJ/mol H2 [Bro08]), the kinetics of hydride formation and decomposition of the bulk material 
are too slow for practical purposes. MgH2 has already been the subject of extensive 
investigations for more than 20 years to improve its kinetics of desorption and absorption of 
hydrogen and the cycle stability. For example, ball milling, doping and alloying are the most 
frequently used methods to improve the kinetic of hydrogen storage in the MgH2 system. Many 
additives have been studied in order to improve this property. Figure 2.7 shows the catalytic 
effect of different transition metal oxides on the hydrogen desorption rate for MgH2. It seems 
that nowadays the possibility to improve the properties of pure MgH2 is rather limited. 
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Figure 2.7: The catalytic effect of various transition metal oxides on the hydrogen desorption rate for 
MgH2. Reaction rates were determined between 20% and 80% of the maximum hydrogen storage capacity 
in each case [Bar06] 
2.2.2 Complex Hydrides 
Some of the lightest elements in the periodic table, for example lithium, boron, sodium and 
aluminum can form stable, ionic hydrides [Sch01]. The most promising classes of materials for 
hydrogen storage are borohydrides, alanates and nitrides. During the decomposition process, 
hydrogen can be released while the complex hydride materials decompose into two or more 
components. Complex hydrides materials have many advantages. Specifically speaking, some 
complex hydrides have extremely high hydrogen mass percents (LiNH4: 18.4 wt %) that surpass 
the current DOE targets. However, most complex hydrides desorb the hydrogen at very high 
temperature. For some systems, the reversibility of the reaction is not yet clear. Because of 
this, many studies have been focused on the improvement of the recyclability or the desorption 
kinetics in order to lower the desorption temperature of the materials.  
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2.2.2.1 Borohydrides  
As mentioned before, borohydrides are an important group within the complex hydride storage 
materials. Borohydrides have the highest gravimetric hydrogen storage capacities of any of the 
complex hydrides [Bro08]. The desorption temperature and gravimetric hydrogen densities for 
several borohydrides are shown in Table 2.2.  
Table 2.2: Desorption temperature (Tdes) and gravimetric storage capacities of several borohydrides [Gro04, 
Ori07] 





NaBH4 400 10.6 
KBH4 500 7.4 
Mg(BH4)2 260-280 14.8 
Ca(BH4)2 320 11.5 
 
Among the group of borohydrides, LiBH4 has a very high gravimetric hydrogen density (18.4 
wt%). It has therefore attracted great interest as candidate hydrogen storage material. The 
thermodynamics, kinetics, and reversibility are the three main challenges being studied today.  
The decomposition of LiBH4 to desorb H2 is realized in two steps [Wel09]: 
Step 1:   → +  + 		 [13.8 wt%] Equation 2.1  
Step 2:  	→ 	 + 	 [4.6 wt%] Equation 2.2  
Step 1 takes place at 380°C without catalyst, while decomposition of LiH occurs at around 950°C 
[Au06]. The decomposition temperature, especially the temperature for the second step is too 
high for practical purposes. The dehydrogenation reaction of LiBH4 is a reversible process, 
although the hydrogen absorption process requires elevated pressures and temperatures of 
35.0 MPa at 600°C and 20.0 MPa at 690°C [Bro08]. 
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Other borohydrides in Table 2.2 exhibit a higher hydrogen storage capacity than other groups 
of hydrogen storage materials as well. What should be noticed is that these are all theoretical 
values and most of them cannot be reversibly achieved in practice at relevant temperatures 
[Bro08]. However, as all the complex hydrides show high theoretical capacities, further studies 
of these materials seem worthwhile. 
A newly developed borohydride was suggested for hydrogen storage: Li2B12H12. According to 
theoretical calculations [Ohb06] and experimental results [Hwa08], it is an intermediate species 
in the decomposition process of LiBH4. This was an important breakthrough in understanding 
the reaction mechanism of LiBH4. Many materials have been tried to destabilize LiBH4. For 
example, a report about the effect of boron on the activation energy of the decomposition of 
LiBH4 showed that the kinetics of dehydrogenation was significantly enhanced by the addition 
of amorphous boron to pure LiBH4 [Pen09]. This large impact of boron on the decomposition 
temperature demonstrated a new way to optimize dehydrogenation. 
2.2.2.2 Alanates  
Alanates are another group of complex hydrides. The most intensively studied reversible 
complex aluminum hydride is the sodium compound NaAlH4. NaAlH4 has a reversible hydrogen 
content of 5.6 wt% H2. The decomposition of NaAlH4 to liberate H2 is realized in the following 
three steps:  
 Step 1: 
→
 + 	 + 	 Equation 2.3 
 Step 2: 
 →
 +  + 		 Equation 2.4 
 Step 3: 
 → 
 + 		  Equation 2.5 
The reaction enthalpy (ΔHr) for the first step is 37 kJ/mol H2 while for the second step it is 47 
kJ/mol H2. The enthalpy values correspond to dehydrogenation temperatures of about 35°C 
and 100°C, respectively. The theoretical storage capacity of 7.4 wt% can be achieved by the 
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third step. However, because NaH is very stable, the third step requires temperature above 
500°C. The disadvantage of alanates is that their reversibility is very limited. The irreversibility 
of this reaction, the instability of the hydride and the slow desorption kinetics are reasons why 
this material is not considered a particularly promising hydrogen storage material [Bro08]. 
Other alanates such as KAlH4, LiAlH4, Ca(AlH4)2 and Mg(AlH4)2 have also been considered for 
hydrogen storage. Their theoretical gravimetric hydrogen capacities are 5.71, 10.54, 7.84 and 
9.27 wt%, respectively. However, all of them suffer from the disadvantage of too high 
desorption temperature, irreversible reaction, or low technical hydrogen capacity [Che01].  
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2.3 LiNH2+LiH System Literature Review 
2.3.1 Background and Reactions 
Different from other metal hydrides or complex hydrides, the Li–N–H system is composed of 
both metallic and non-metallic elements in which the storage process involves the breaking and 
forming of the non-metal hydrogen bonds [Mic10]. Chen et al. [Che02] were the first to 
describe it. In fact, this discovery was important not only for practical reasons of hydrogen 
storage; it was also revolutionary in the solid-state hydrogen storage field. But it also brings 
many challenges. Despite good reversibility and an acceptable hydrogen capacity (about 6.5 
wt%), the system is restricted by high desorption temperatures and low reaction kinetics 
[Nay11]. The whole process is represented by the following reaction: 
 
+ 		 ↔
	 + 	 Equation 2.6 
 with:  ΔH=-96.3 kJ/mol H2 [Ich04] 
Theoretically, 10.4 wt% of hydrogen can be reversibly stored in this reaction. Ichikawa et al. 
[Ich04] claimed that the reaction in Equation 2.6 includes in fact two steps: 
 
+	↔	
+ Equation 2.7 




	 +  Equation 2.8 
 with: ΔH=-45 kJ/mol H2 [Var10a] 




	 + 	 Equation 2.9 
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If the two back reactions steps (desorption) shown in Equation 2.9 could both be realized, Li3N 
can theoretically absorb approx. 10 wt% hydrogen [Hu05]. However, its reversible hydrogen 
capacity is only about 6.5 wt% because only a fraction of the hydrogen absorbed can be 
desorbed at relatively low temperatures.  
First reported by Hu and Ruckenstein [Hu03] and Ichikawa et al. [Ich04], it is now well accepted 





 Equation 2.10 
 
 + → 
	 + 	  Equation 2.11 
Because the two latter reactions shown in Equation 2.10 and Equation 2.11 are endothermic 
and exothermic respectively, the hydrogen desorption occurs as soon as LiNH2 has decomposed 
into Li2NH and NH3 [Ich04a]. 
2.3.2 Possible Activation Methods 
In Chen et al.’s report [Che02], several kinds of additives have been used with the Li-N-H 
hydrogen storage materials in order to improve them. One of the first reports about catalytic 
effects was from Isobe, Ichikawa, and their colleagues in Japan [Iso05, Ich05a]. They had used Ti 
(nanoparticles), Ti (microparticles), TiCl3, TiO2 (nanoparticles), TiO2 (microparticles) [Iso05], or 
TiCl3, VCl3, and Fe, Co, and Ni nanoparticles with sizes of several tens of nanometers [Ich05a] as 
additives.  
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Figure 2.8: Thermal desorption profiles of H2 and NH3 of the ball milled mixtures of 1:1 LiNH2 and LiH, in 
which a small amount (1 mol%) of nanometer sized Ni, Fe and Co, micro size VCl3 and TiCl3 were added  
respectively before milling [Ich05a] 
Both reports cited suggest that TiCl3 improves the hydrogen desorption properties. Fig 2.8 
shows the comparison of TiCl3 and other additives.  The reversibility of the sample with TiCl3 did 




also showed good catalytic 




 , which did not improve the results compared to the 
reaction without additives [Iso05]. Later, Hino et al. [Hin07] studied the catalytic effect of TiCl3 
in more detail. They found that with 1 mol% TiCl3, the NH3 to H2 ratio was on the magnitude of 
0.1% in the high-temperature range of 300-400°C. 
In the study from Yao et al. [Yao07], chemical additions such as Mn, V, MnO2 and V2O5 were 
investigated. The results showed that Mn, V and their oxides could promote the thermal 
decomposition of LiNH2, but had no significant effect on the hydrogen desorption of the LiNH2 + 
LiH mixture. Different from most the other studies [Hu03, Mar06], they think that the rate 
limiting step for dehydrogenation from LiNH2 + LiH is the reaction between LiH and NH3.  
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Varin and Yang [Var11] studied the effects of graphite on the reversible storage of hydrogen in 
the LiNH2 + LiH system. However, there was no measurable effect of graphite as additive on the 
thermodynamic properties.  
Apart from chemical additions, other methods have been used to improve the LiNH2+LiH 
hydrogen storage system. The most widely used is the ball milling method. So far, in most 
studies, the samples were milled with steel balls at room temperature [Ich05a, Yao06, Var11]. 
However, Osborn et al. [Osb09] performed ball milling at -20°C, -40°C, and -196°C. The results 
got with the ball milled samples at -40°C and -20°C were similar, but the -196°C powders 
exhibited largely increased hydrogen desorption kinetics. Varin et al. studied the influence of 
the milling time [Var10a]. They found after high-energy ball milling of a 1:1 molar ratio of 
LiNH2+LiH that the grain sizes of LiNH2 and LiH constituents decreased monotonically with 
increasing milling time. The specific surface area (SSA) of the powders increased up to 25 h of 
milling duration and then decreased again after milling for 100 hours due to the larger 
agglomerations.  
In order to enhance contact between LiH and LiNH2, Yao et al. [Yao07] selected a molar ratio of 
1:1.2 for the LiNH2 + LiH mixture with a slight excess of LiH. Later, Varin investigated the 
influence of the molar ratio of LiNH2 and LiH [Var10a]. They prepared mixtures with three 
different molar ratios of LiNH2 and LiH: 1:1.0, 1:1.2, and 1:1.4. After ball milling, the lowest 
activation energy was observed for a molar ratio of 1:1.2. 
2.3.3 Modeling Study 
Shaw et al. [Sha08a] developed a model for the rate-limiting step in the LiNH2-LiH hydrogen 
storage system. As it is well accepted that the reaction between LiH and Li2NH is much faster 
than the desorption reaction of LiNH2 particles [Hu03, Mar06], the total reaction is dictated by 
the first reaction. Only the rate of each step in Equation 2.10 needs to be investigated in order 
to identify the rate-limiting step of the whole desorption reaction. 
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The model built by Shaw et al. [Sha08a] was calculated from the Pilling-Bedworth (P-B) ratio 
[Pil23] which is helpful to explain the porosity of the oxide scale and its adhesion to the metal 
during metal oxidation. 
P-B ratio= Vo/Vm Equation 2.12 
 with: Vo: Volume of the oxide scale 
  Vm: Volume of the metal 
If the P-B ratio is less than 1, the shell tends to be porous. When the P-B ratio is between 1 and 
2, the oxide shell can fully cover the metal surface, however, with compressive stress. When 
the P-B ratio is larger than 2, the oxide shell often cracks and detaches due to the high 
compressive stress in the shell [Pil23]. Based on the data shown in Table 2.3, the P-B ratio for 
LiNH2 is 0.5 and for LiH is 2.0. Therefore, the shell around LiNH2 particles is porous and that 
around LiH particles tends to flake off, as shown in Figure 2.9. 
Table 2.3: Molar volume of the chemicals in the LiNH2-LiH system 
 LiNH2 Li2NH LiH 




] 19.44 [Sha08a] 19.51 [Sha08a] 9.7 [Sha08a] 
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Figure 2.9: Schematic of the hydrogen release pathway of the LiNH2- LiH system: (a) the Li2NH product from 
Equation 2.10 forms a continuous shell outside the LiNH2 shrinking core, leading to a reaction rate 
controlled by NH3 diffusion through the Li2NH product layer, and (b) the LiNH2 product from Equation 2.11 
flakes off continuously, resulting in a direct reaction between NH3 and the constantly regenerated new LiH 
surface [Sha08a] 
It is important to determine the rate-limiting step of the desorption reaction of the LiNH2 + LiH 
mixture. Based on the model given above, Equation 2.10 can be divided into 3 steps: 
Step 1: Decomposition of LiNH2 to Li2NH and NH3 at the LiNH2/Li2NH interface. 
Step 2: Diffusion of NH3 through the porous Li2NH product layer from LiNH2/Li2NH interface to 
the Li2NH surface. 
Step 3: Desorption of NH3 from the Li2NH surface. 
As described by Shaw et al. [Sha08a], if the rate of the desorption reaction of LiNH2 particles is 
controlled by Step 1, it can be described by two models, the Johnson-Mehl-Avrami (JMA) model 
and the contracting volume (CV) model. The JMA model describes the nucleation of randomly 
dispersed second-phase particles independent from their location [Min94]. It can be written as: 
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 =  − 	(−) Equation 2.13  
 with  f:  the fraction of H2 released 
  t:  time 
  k1 related factor 
In the CV model, nucleation starts from the surface of the existing particles and then continues 
to grow towards the core moving the LiNH2/Li2NH interface at a constant speed. This relation is 
found to have the following formula [Din01]: 
( − ) =  − 	  Equation 2.14 
 with: k2: related factor 
  R: gas constant 
However, if the rate is controlled by Step 2, then the fraction of H2 released will follow a 
parabolic-rate law derived from Fick’s second law with the following formula [Mar06]: 
( − ) =  − /	 /	 Equation 2.15 
 with: k3: related factor 
Finally, if the rate is controlled by Step 3, i.e., desorption of NH3 into the surrounding 
atmosphere assuming a constant pressure, the fraction of H2 released will exhibit a linear 
relationship between f and t [Tho97], as expressed by: 
 = 	 Equation 2.16 
 with: k4: related factor 
It has been found that [Sha08a] the experimental data of Shaw et al. could be better fitted by 
the diffusion-controlled model far better than by the moving-boundary-controlled and the NH3-
desorption-controlled model. Because of this reason, they gave the conclusion that the 
diffusion is the rate limiting step in the desorption process of LiNH2+LiH material.  
Background 
- 25 - 
 
2.4 LiNH2 + MgH2 Systems 
Just when investigations of the Li-N-H hydrogen storage system began, Li–Mg–N–H systems 
were studied independently by Luo [Luo04], Leng et al. [Len04], and Y. Nakamori and Orimo 
[Nak04] at almost the same time.  LiNH2+MgH2 [Luo04, Lu07] or Mg(NH2)2+LiH [Len04, Xio05] 
were used as starting material. The reaction mechanism of the Li-Mg-N-H hydrogen storage 
system is complicated and different molecular ratios between Li and Mg can be found in the 
literature. Some typical ratios are Mg:Li= 1:2 [Luo04, Jan07], Mg:Li= 1:1, Mg:Li= 3:8 [Len04] and 
Mg:Li= 1:4[Nak04]. Two of these systems will be described as examples. 
2.4.1 2LiNH2+ MgH2 
For the (2LiNH2+MgH2) system, the hydrogen exchange reactions have been described as 
follows [Sha08, Che05]: 
 	
	 + 	→ 	
+ 
↔ (
	)	 + 	  Equation 2.17 
Or: 
 	
	 + 	→ 	 
		 + 		↔ (
	)	 + 	 Equation 2.18 
The reversible reactions appear to take place between Li2MgN2H2+2H2 and Mg(NH2)2 +2LiH. It is 
suggested that Mg(NH2)2+2LiH is either thermodynamically or kinetically more favourable than 
2LiNH2+MgH2. Some reports said that Mg(NH2)2 can also be formed by long-time ball milling 
(over 15 hours).  
With the desorption temperature set as 200°C, the absorption temperature as 220°C and 125°C 
and the pressure was 110 atm, the hydrogen uptake capacity was about 4 wt% within 3 hours 
for material milled for 5 hours [Che05, Pot10], while samples that were ball milled for 45 hours 
took up about 4.3 wt% of hydrogen within 2 hours [Che05]. 
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2.4.2 LiNH2+ MgH2 
Apart from LiNH2+LiH system, there are also some literatures focusing on the LiNH2+ MgH2 
system [Akb07]: 
 
	 + 	 →  
+ 		 Equation 2.19 
This reaction yields theoretically 8.2 wt% of H2. Simulations based on first principle calculations 
of total and vibrational free energy suggest that the reaction between LiNH2 and MgH2 (molar 
ratio 1:1) would take place according to the following steps which are given by [Lu09]: 

	 + 	→ 	 (
	)	 + + 	 	 →  +  (
	)	 +  
	 + 	→ 	+

	 
		 +  
	 + 		→  
 + 		 Equation 2.20 
Experiments yielded 6.1 wt% hydrogen releases for the 1:1 ratio system after ball milling and 
subsequent heat treatment [Lu09]. Mg(NH2)2 and LiH could be formed during high-energy ball 
milling.  
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2.5 Methods to Characterize Gas Sorption Ability 
2.5.1 Volumetric Techniques 
The volumetric method is the most common of the measurement techniques to investigate the 
gas sorption ability of a sample. It can be implemented using a gas handling system of known 
volume in which temperature and pressure can be measured exactly. The amount of gas 
absorbed or desorbed by a sample can be calculated using the ideal gas law: 
 ! = "#$ Equation 2.21 
 with:  p: pressure 
  V:  volume 
  n:  number of moles 
  R:  gas constant 
  T:  temperature 
A schematic diagram of a typical manometric sorption measurement system is shown in Figure 
2.10. The sample to be studied is filled in the volume V2, V2 is connected with the volume V1 
which has a defined volume. The pressure in V1 is measured using a manometer. Valve A and 
Valve B in Figure 2.10 control the experimental gas (for example: hydrogen) to go in and out. In 
addition to the hydrogen inlet valve, there might be other admission valves, for example, to 
flush the system before and after the measurement with inert gas.  
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Figure 2.10: A schematic diagram of a typical manometric sorption measurement system [Bro08] 
From Figure 2.10 and Equation 2.21, the amount of desorbed gas n at temperature T can be 
derived as: 
 " = %(!&'	('))#$* +
%!+
#$, Equation 2.22 
 with:  Tr:  temperature in Volume V1 
  Ts:  sample temperature  
  P:  pressure measured at the manometer 
  R:  gas constant 
  Vs:  volume with experimental temperature 
The problem of Equation 2.22 is that the volume Vs is difficult to define. There are also 
temperature gradients between the sample temperature (Ts) and temperature in V1 which have 
to be considered. The difference between Equation 2.21 and Equation 2.22 comes from the 
temperature difference. The temperature in V1 is close to room temperature. However, the 
experimental temperature of the sample is always at several hundred degrees Celsius. 
Compared to V1 and the rest volume in V2, the heating volume of the sample is small and can be 
neglected.  
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2.5.1.2 Flowing volumetric method 
 
Figure 2.11: Simplified scheme of the flowing volumetric method [Hyn96] 
Figure 2.11 shows a simplified example of the major parts used for the flowing volumetric 
method. The amount of hydrogen desorbed or absorbed by a sample is determined by 
measuring the flow rate of hydrogen into the sample cell with a mass flow controller (MFC). In 
order to measure both the mass flow into and out of the test vessel, two separate mass flow 
controllers with corresponding pressure regulators are required. When used at isobaric 
conditions, the resulting flow rate should be integrated as a function of time. The integral of the 
total mass flow signal gives the total absorbed quantity. However, from Figure 2.11 it can be 
seen that the system is more complicated than the manometric method. The integral 
calculation of inward and outward flow is not trivial and gives a limitation of this method. 
2.5.2 Gravimetric Techniques 
Gravimetric analysis requires weighing the solids obtained from a sample by evaporation, 
filtration or precipitation [Dav02]. Gravimetric techniques were originally applied to measure 
the adsorption of gases and vapors to carrier materials. In recent times this method has been 
used effectively to study the gas absorption/desorption performance of hydrogen storage 
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material [Bro11a]. A typical gravimetric hydrogen sorption measurement system is built with 
the following parts: a balance with a high precision, a vacuum system for evacuation and 
sample degassing, a gas supply system that can control the hydrogen pressure in the balance 
chamber and an electrical heater or a thermostat to control the sample temperature during 
experiments. After the sample is adhered to the balance, the system should be evacuated. The 
measurement is performed under the desired gas atmosphere (hydrogen, inert gas or vacuum) 
and defined temperature programs. After corrections, the measured weights can be plotted as 
a function of pressure or temperature.  
 
Figure 2.12: A schematic diagram of a basic gravimetric sorption measurement system [Bro08] 
A schematic diagram of a basic gravimetric system is shown in Figure 2.12. Valves A and B 
control the hydrogen gas inlet and vacuum outlet, respectively. They can control the hydrogen 
pressure in the sample chamber. A magnetic suspension balance in which the balance 
mechanism is isolated from the sample chamber can also be applied. The thermostat, electrical 
heater or even liquid nitrogen can be used as temperature-controlling unit, if necessary. 
Depending on the required hydrogen pressure ranges, there can be one or more pressure 
measuring devices in the system. The vacuum pump can be of any type, although an oil-free 
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system with UHV capability is preferable, particularly if samples are to be degassed. For 
microporous materials high vacuum is essential and thus a turbo molecular pump backed by a 
membrane or scroll pump is recommended. For the experiment with hydrogen storage 
material, the hydrogen supply should be of very high purity, so the system must be well 
evacuated before an experiment starts. 
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2.6 Thermodynamic Calculations 
2.6.1 Calculation of Activation Energy 
The activation energy is defined as the energy that must be overcome in order for a chemical 
reaction to occur. It can be assumed as the height of a potential barrier, separating the 
potential energies of the reactants and the products. It is an important factor to assess whether 
a reaction is easy to happen or not. In order to estimate whether a hydrogen storage system 
absorbs or desorbs hydrogen easily, it is a significant parameter.  
Model free methods are most reliable to calculate the activation energy [Sta03]. Examples are 
the Friedman method, Kissinger-Akahira-Sunose (KAS) method [Aka71], Flynn-Wall-Ozawa 
(FWO) method [Oza65] and Kissinger method [Kis57]. In the following, the background of these 
methods will be introduced. 
In a reaction, the transformed fraction α is usually used to study the reaction kinetics [Ven11]: 
 - = ./(../(.0 Equation 2.23 
 with:  m0:  initial mass 
  mt:  mass at time t 
  m∞: mass at the end of the reaction 
Many references use the simplifying assumption that the transformation rate during a reaction 
is the product of two functions: k(T), only depending on the temperature T, and f(α) only 
depending on the transformed fraction α [Sta03]. So : 
 
1-
1 = 2(-)3($)  Equation 2.24 
The temperature dependent function is always assumed to follow an Arrhenius type 
dependency [Sta03]: 
Background 
- 33 - 
 
 3($) = 3/	(− 4#$)  Equation 2.25 
 with: E:  activation energy 
  T:  temperature 
  k0:  reaction constant 
The Kissinger method [Kis57] is also called the modified Kissinger`s equation or peak-
displacement method [Bos79]. It is a maximum rate method. In this method, it is assumed that 
the equivalent stage is the stage at which the maximum rate of transformation is achieved 
[Sta03]. This should be the differential thermo gravimetric (DTG) peak during the experiment. If 
the sample has a good contact with the sample holder, this peak position should be equated to 
the differential thermal analysis (DTA) peak position. 
The function f(α) in Equation 2.24 depends on the particular decomposition mechanism. The 
simplest and most frequently used model for f(α) in the analysis of thermo gravimetric analysis 
(TGA) data: 
 (5) = ( − 5)6 Equation 2.26 
 with:  n:  order of reaction. 
Inserting Equation 2.26 into Equation 2.24, results in: 
 
75
7 = 8 7579 = ( − 5)6(9) = /( − 5)6 :− ;9<  Equation 2.27 
 with:  ß:  Heating rate 
At Tmax the reaction rate is maximum and thus: 
 
7(757 )
7 = / Equation 2.28 





; 6( − 5=>?)6(	(− ;9=>?)  Equation 2.29 
Background 
- 34 - 
 
 with:  A:  constant 
Taking the logarithm on both sides of Equation 2.29, results in: 
 " : 89	=>?< = ":
@
; < + "	(6( − 5=>?)6() − ;9=>?                                             [Yan03] Equation 2.30 
The activation energy can thus be determined from a plot ln(β/Tmax
2
) against 1/Tmax. 
2.6.2 Van't Hoff Equation 
The Van't Hoff equation [Hof00] also known as the Vukancic-Vukovic equation in chemical 
thermodynamics relates the change in temperature T to the change in the equilibrium constant 
k, yielding the standard enthalpy change for the process. Therefore, this equation can be used 
to calculate the standard enthalpy change of a reaction process. 
It is derived as follows: 
The Gibbs free energy ΔG is defined as: 
 ∆B = ∆− $∆, Equation 2.31 
 with:  ΔH: enthalpy of reaction 
  ΔS: entropy of reaction 
  T: temperature 
or in the case of an isothermal reaction as: 
 ∆B = −#$	" Equation 2.32 
 with: k:  the equilibrium factor 
Inserting Equation 2.32 into Equation 2.31, results in: 
 "3 = − ∆B#$ = − ∆#$ + ∆,#  Equation 2.33 
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 With: R: gas constant 
for an example reaction: 
  + C → DE + 1F Equation 2.34 
 with: A, B: reactants 
  C, D: products 
  a ,b ,c, d: coefficients of  the reactants and products 
The equilibrium factor k is: 
 3 = -ED ∗-F1- ∗-C  Equation 2.35 
Where α is the activity of the coefficients or products. For the solid phase, α is considered as 1, 
however, for the gas phase, α equals P/P0, with P being the gas partial pressure, and P0 is the 
standard pressure (1 atm). 
Applying Equation 2.35 to our hydrogen storage system: 
 
	 +  → 	
+	 ↑ Equation 2.36 
yields k as: 




∗ = -	 =
%	
%/  Equation 2.37 
Combining Equation 2.37 with Equation 2.33 results in: 
"	(%	%/ ) = −
∆
#$+ ∆,#  Equation 2.38 
So, with a plot of ln (PH2 /P0) versus 1/T, the reaction enthalpy can be calculated.  
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 3 Material and Methods 
3.1 Material Handling  
As the samples to be studied were sensitive to air, all storage and handling was done in the 
BRAUN UNlab Glovebox workstation (M. Braun Inertgas-Systeme GmbH, Germany) shown in 
Figure 3.1 under inert gas conditions.  
 
Figure 3.1: BRAUN UNlab glovebox workstation 
The main part of the glovebox is built of stainless steel with a large scratch-resistant 
polycarbonate window in front. The atmosphere inside the glovebox is argon. The leakage rate 
of the whole system was smaller than 0.05 vol% per hour. In order to keep the organic solvent 
vapor components in the glovebox low, a reservoir of activated carbon (5 kg) was connected to 
the glovebox. The system was also installed with oxygen and moisture analyzers for a purity 
level < 1 ppm. With the help of redundant filter columns, the inside oxygen and moisture could 
be maintained at ultralow levels (less than 1 ppm).  
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3.2 Sample Preparation 
Lithium amide (LiNH2, purity 95%) and lithium hydride (LiH, purity 98%) were purchased as 
powders from Sigma-Aldrich Chemie GmbH. Tetrahydrofuran (THF, purity 99.5%) was 
purchased from Acros Organics. The addtitives (BN and TiCl4) were purchased from Sigma-
Aldrich Chemie GmbH. All samples were stored and handled in the glovebox.   
The specific surface area (SSA) is one of the most important properties of hydrogen storage 
materials. Accordingly, hydrogen storage materials with larger specific surface areas have 
better desorption properties. In order to reduce the particle size of the raw material, a 
planetary ball milling method was used in this study. Figure 3.2 shows the inside of the milling 
machine (Planetary Ball Mill PM 400, RETSCH GmbH. Germany) 
 
Figure 3.2: Planetary Ball Mill PM 400 milling machine 
Planetary milling processes in this study were performed with four milling containers. One is 
shown in Figure 3.3(a). The milling containers were made from stainless steel. After the 
containers were filled with sample powder and the yttrium stabilized zirconia (YSZ) milling balls 
in the glovebox, each of them was sealed with 8 nuts and bolts together with an O-ring and set 
● 
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into the milling machine. During the milling process, the containers rotated around the central 
axis and simultaneously around their own axes in opposite direction - like the planets rotate 
around the sun. The sample particles underwent multiple collisions with the grinding media and 
the jar walls. High velocity of moving milling bodies made high stress on the activated materials. 
In most studies described in the literature, steel balls were chosen as milling media [Ich05a, 
Yao06, Var11]. However, in this study YSZ ceramic balls (Tosoh Corporation, Japan) were used. 
The YSZ milling media (Figure 3.3b) are of high density and provide a great impact force 
resulting in superior grinding efficiency. Compared to steel milling media, YSZ balls are more 
resistant to corrosion. They provided best results when used in wet grinding with dispersions. 
 
 (a)                                                     (b) 
Figure 3.3: (a) Ball milling container; (b) YSZ milling balls (diameter: 5 mm) 
The ball to sample weight ratio in this study was set to 10:1, which means that per 5 g sample 
powder 50 g YSZ milling media was added.  
Milling was performed as wet ball or dry ball process. Meng [Men10] has referred that 
tetrahydrofuran (THF) as a part of milling media works good to reduce the sample particle sizes. 
So in this study for wet ball samples THF was added. The weight ratio between THF and the 
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sample material was 4:1. This resulted in a mixture of 20 g THF and 50 g milling balls per 5 g 
sample powder.  
The diameter of the milling balls shown in Figure 3.3 was 5 mm. But most samples in this study 
were milled by a mixture of milling balls of different diameters. The weight ratio between 5 mm 
milling balls and 2 mm milling balls was 7:3, for example. The idea behind this approach was to 
destroy the large particles by the strong impact of the large milling balls and, at the same time, 
destroy the small particles into even smaller ones by the smaller milling balls. In some cases, 
the milled samples were milled a second time with very fine milling balls (diameter: 0.1 mm). 
After milling, the dry ball milled samples were transferred back to the glovebox, taken out and 
stored there directly. The wet ball milled material have to be stored in the glovebox for about 
20 hours in order to dry them from THF.  
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3.3 Sample Characterization 
3.3.1 XRD Method 
Phase composition and microstructure of the sample powders were analyzed by X-ray 
diffraction (XRD) with a Bruker D4 ENDEAVOUR diffractometer (Bruker AXS GmbH, Karlsruhe) 
which is shown in Figure 3.5a.  
3.3.1.1 Bragg Condition 
During XRD analysis, X-rays are reflected by atoms in the crystal lattice to be analyzed. Figure 
3.4 shows the principle of diffraction: the spacing between reflecting planes in the crystal is d 
and the scattering angle of the X-rays is θ. The incoming beam is scattered by the atoms in each 
plane. The path difference for waves reflected by successive planes is 2d*sin θ. If the path 
difference for successive plane is an integer multiple of the incoming wavelengths, the 
diffracted waves will combine to produce a strong diffracted beam. Hence the condition for 
diffraction (the Bragg condition) is [Bra13]: 
      nλ = 2d sin θ Equation 3.1 
 with: n: integer 
  λ: wavelength of the incoming x-rays. 
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Figure 3.4: Schematic illustration of the diffraction of X-rays in a crystalline material. Bragg’s law is fulfilled 
if the path length difference between the X-rays is equal to nλ 
The Bragg condition is suitable for any set of planes whose spacing is greater than half the 
wavelength of the used X-rays. This condition sets a limit on how many orders of diffracted 
waves can be obtained. 
The resulting XRD pattern is obtained by measuring the intensity of scattered waves as a 
function of the scattering angle. The intensities are plotted against 2θ and show characteristic 
patterns for each investigated phase. Very strong intensities known as Bragg peaks are 
obtained in the diffraction pattern when the scattered waves satisfy the Bragg condition. The 
resulting patterns are analyzed with the help of software HighScore Plus (PANalytical B.V., 
Almelo, Netherlands). 
As the samples in this study were sensitive to air, a special sample holder to separate the 
sample from air was necessary (cf. Figure 3.5b). The sample was prepared in the glovebox and 
sealed with an O-ring. During the whole XRD procedure, the inner atmosphere in the sample 
holder was Ar. 
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 (a)                                                                                          (b) 
Figure 3.5: (a): Bruker D4 ENDEAVOUR diffractometer; (b): XRD sample holder for air-sensitive samples 
3.3.1.2 Williamson-Hall Method 
The Williamson-Hall method was invented by G. K. Williamson and his student, W. H. Hall 
[Wil53] in the year 1953. It is a method to estimate crystallite sizes and strains with the peak 
width information from the XRD measurement. In general, the peak broadening contains 
contributions from both crystallite size and strain. The simplification of Williamson and Hall is to 
assume that the convolution is a simple sum: 
 β (sample) = β (size) + β (strain) Equation 3.2 
 with:  ß:  lattice strain 
According to the Scherrer equation [Sch18], the crystallite size contributes as: 
 I(,J) = KFDL+M Equation 3.3 
 with: D: mean size of the ordered (crystalline) domains 
  λ: X-ray wavelength 
  θ: Bragg angle. 
and the contribution from strain is  
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 I(+*") = N	"M	 Equation 3.4 
 with: ε: lattice strain 
Inserting Equation 3.3 and Equation 3.4 into Equation 3.2 yields 
 I	 = KFDL+M + 	N	"M Equation 3.5 
Multiplied with cosθ results in	
 I	DL+M	 = KF + 	N	+"M Equation 3.6 
Plotting β cosθ versus sinθ, the crystallite size can be derived from the y-intercept of the fitted 
line and the strain can be estimated from its slope.  
3.3.2 DTA-TG-MS 
3.3.2.1 DTA and TGA 
Differential thermal analysis (DTA) is a thermoanalytical technique. During heating and cooling, 
physical and chemical changes are taking place such as melting, solidification, crystal 
transformation, decomposition, chemical combination, absorption, and desorption. These 
changes will cause enthalpy changes of the system, resulting in thermal effects. In a DTA 
measurement, the material to be analyzed and a reference material are undergoing identical 
thermal cycles. Any temperature differences between the sample and the reference are plotted 
against time or temperature.  
A DTA system consists of a sample holder comprising thermocouples, sample containers, a 
furnace, and a recording system. There are two thermocouples connected to a voltmeter. One 
thermocouple is placed in an empty Al2O3 sample container, while the other one is placed in a 
sample of the material to be studied. As the temperature is increased, there will be a deflection 
of the voltmeter if the sample is undergoing a phase transition. The input heat will raise the 
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temperature of the neutral reference substance to keep it at the same temperature as the 
sample under analysis. 
Thermogravimetric analysis (TGA) is based on three measurements: weight, temperature and 
time. A derivative weight loss curve can be used to tell the point at which weight loss is most 
apparent.  
3.3.2.2 Quadrupole Mass Spectrometry (QMS) 
Mass spectrometry (MS) is an analytical technique that measures the mass-to-charge ratio of 
charged particles. It is used to determine masses of particles, the elemental composition of a 
sample or molecule, and to elucidate the chemical structure of molecules [Chh07]. The 
quadrupole mass analyzer consists of four parallel metal rods, each rod pair connected 
electrically. A radiofrequency voltage is applied between one pair of rods and the other. A 
direct current voltage is added to the RF voltage. Ions travel down the quadrupole between the 
rods. Only ions of a certain mass-to-charge ratio (m/z) will reach the detector for a given ratio 
of voltages. Other ions have unstable trajectories and will collide with the rods. This permits 
selection of an ion with a particular m/z or allows the operator to scan for a range of m/z-values 
by continuously varying the applied voltage. 
 
Figure 3.6: Schematic of a quadrupole analyzer [Bri10] 
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Mass spectrometers, composed of a mass filter, an electron impact ion source and ion detector, 
work only in high vacuum. Therefore, an interface is required for coupling of a thermo balance 
to the mass spectrometer, which works with a purge gas flow at atmospheric pressure.  
 
Figure 3.7: QMS 403 AëolosTM quadrupole mass spectrometer (right) connected with the DTA-TG device 
(left) 
 
(a)                                               (b) 
Figure 3.8: Glass bottles for (a): Al2O3 crucible with sample and (b): SEM sample holder transfer 
In this study, the desorbed gases during the DTA measurements were analyzed with a QMS 403 
Aëolos
TM
 quadrupole mass spectrometer (Figure 3.7). It is a new compact mass spectrometer 
with a heated capillary inlet system for routine analysis of gases and, especially for volatile 
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decomposition products of thermal analysis. This system has been optimized for coupling to 
differential scanning calorimeters and thermo gravimetric analyzers. The measurements are 
carried out at the same time and the test conditions are identical for TG, DTA, and MS signals 
alike.  
3.3.3 Scanning Electron Microscopy (SEM) 
In this study, the morphology of the sample powders were imaged with an SEM (Zeiss, 
Microscopy GmbH, Oberkochen, Germany). 
The first step of sample preparation was done in the glovebox. The electrically conductive 
carbon tapes were adhered onto pin stubs. Then, the powders were scattered onto the 
electrically conductive carbon tapes and slightly pressed with a glass slide in order to get better 
conductivity. After that, the pin stubs were put into the same type of glass bottle used for DTA 
analysis (Figure 3.8a) and transferred to the SEM. 
3.3.4 Specific Surface Area According to BET  
In this study, the specific surface areas of the prepared powders were determined by using the 
Areameter II instrument, which is shown in Figure 3.9 (Ströhlein Instruments, Germany). The 
measuring principle is based on the so-called BET method, introduced by Brunauer, Emmett 
and Teller in 1938 [Bru38]. 
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Figure 3.9: Areameter II from Ströhlein Instrument 
The concept is an extension of the Langmuir theory. It is a theory for monolayer molecular 
adsorption to multilayer adsorption with the following hypotheses:  
1. Gas molecules physically adsorb on a solid in layers infinitely;  
2. There is no interaction between each adsorption layer;  
3. The Langmuir theory can be applied to each layer.  
The resulting BET equation is expressed by Equation 3.7: 






O=S Equation 3.7 
 with: P: equilibrium pressure 
  P0:  saturation pressure 
  ν:  adsorbed gas quantity 
  νm:  monolayer adsorbed gas quantity 
  c:  BET constant (related to the enthalpy of adsorption and condensation of the adsorbed gas) 
S = 	(;(;T9 )  Equation 3.8 
 with:  E1:  the heat of adsorption for the first layer 
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  EL:  the heat of adsorption for the second hand higher layers 
A straight line 1/ν [(P0/P)-1] vs. P/P0 can be plotted with Equation 3.7, This plot is called a BET 
plot. vm can be calculated. With Equation 3.9, the specific surface area (SSA) can be determined. 
 
Equation 3.9 
 with:  N: Avogadro's number 
  s:  adsorption cross section of the adsorbing species 
  V:  molar volume of adsorbed gas  
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3.4 Sorption Test and Characterization 
As introduced in Chapter 2.5, mainly two kinds of methods are used for sorption 
measurements: the volumetric and the gravimetric method. In this study, both methods were 
used. The systems applied will be described in detail: 
3.4.1 Belsorp-HP 
The Belsorp-HP (BEL INC, Japan) shown in Fig 3.10a is an automatic high-pressure gas 
adsorption system. In this study, it was used for the volumetric method to study desorption 
kinetics and equilibrium pressure of the samples. Depending on the selected temperature 
control devices, the experimental temperature can range from 77 K up to 673 K. With the 
appropriate software, adsorption and desorption isothermal measurements can be performed. 
High-pressure adsorption measurements can be done up to 13.5 MPa. 
Figure 3.10b shows a diagram of the gas dosing system of the Belsorp-HP. AV1 controls the He 
inlet at a pressure of 0.15 MPa. AV2 controls the inlet of the absorption gas which was H2 in this 
study. AV6 controls the connection between the sample holder and the gas dosing system. AV7 
controls the connection between the pressure sensor P3 and the gas dosing system. It will be 
closed when the gas exceeds 127 kPa to protect P3. AV3-AV5 are used to decrease the 
pressure. AV4 should only be opened when the pressure is below 300 kPa. If AV5 is open, the 
pump produces the highest vacuum. This should be restricted to pressures below 10 kPa. The 
system can reach a vacuum of approx. 1.3*10
-1 
Pa. During the experiment, the value P1 will be 
recorded. A change of P1 indicates desorption or absorption of gas by the sample. The mass 
change of the sample can be calculated by applying the ideal gas law.  
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(a)                                                                                            (b) 
Figure 3.10: (a): Belsorp-HP system; (b): software interface of Belsorp-HP 
In order to know the initial temperature profile of the sample in the Beslorp-Hp system, the 
temperature profiles with different target temperature were measured and drawn in Figure 
3.11. It can be seen that within the initial 30 min, the measured sample temperature was 
already almost equal to the target temperature. Samples could fully reach the target 
temperature in 60 min.  
 
Figure 3.11: Measured temperature profile of the high temperature furnace used in Belsorp-Hp system 
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3.4.2 IsoSORP-MSB 
IsoSORP-MSB (Rubotherm GmbH, Germany) is a gravimetric sorption analyzer with magnetic 
suspension balance. Other than the volumetric Belsorp-HP system, it can measure the mass 
change of the sample directly. It has the following components: magnetic suspension balance, 
gas dosing system, liquid nitrogen bottle, PC, and software. They are shown in Figure 3.12. 
 
Figure 3.12: Sketch of the IsoSORP-MSB gas sorption analyzer [Rub10] 
The magnetic suspension balance is the key part for the whole system. It allows to measure 
mass changes of the samples with high accuracy (10 μg for a load of up to 80 g) and under 
controlled environmental conditions (atmosphere, temperature and pressure).  
The most interesting feature of the magnetic suspension balance is that it is possible to perform 
non-contact measurements. As shown in Figure 3.13, rather than hanging directly at the 
balance, the sample is linked to a so-called suspension magnet which consists of a permanent 
magnet, a sensor core, and a device for decoupling the measured load (sample). The 
electromagnet, which is attached to the weighing hook of the balance, maintains a freely 
Liquid N2 tank 
Magnetic suspension 
balance 
Gas dosing system 
Computer with controlling 
software 
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suspended state of the suspension magnet via an electronic control unit. Using this magnetic 
suspension coupling, the measuring force is transmitted without contact from the measuring 
chamber to the microbalance, which is located above the chamber under ambient atmospheric 
conditions. 
 
Figure 3.13: The measuring principle of a magnetic suspension balance [Rub10a] 
As the samples in this study were air-sensitive, a special sample holder shown in Figure 3.14 
was used. As described in Chapter 3.1, the sample preparation was done in a glovebox. The 
samples were put into the inner sample holder (see Figure 3.14b), which in turn was installed 
into the outer sample part and closed with the cover. After that, the inner atmosphere in the 
sample holder is inert gas and in this state the samples can be transferred from the glovebox to 
the magnetic suspension balance. Before closing the measuring cell, the whole system was 
flushed with inert gas for more than 5 min. During that time, the stick with 2 O-rings shown in 
Figure 3.14b can be removed. 
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 (a)                                                                (b) 
Figure 3.14: Sample holder for the magnetic suspension balance of the IsoSORP-MSB (a): Schematic 
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4 Results and Discussion 
4.1 LiNH2 Single Component System 
As described in chapter 2.4, the desorption process in the LiNH2+LiH hydrogen storage system 
can be divided into two steps: In the first step LiNH2 particles decompose and release NH3. In 
the second step, NH3 reacts with LiH particles while hydrogen is released. Because the LiNH2 
decomposition is the first step of the desorption process, the characteristics and desorption 
behavior of the LiNH2 powders influence the system performance critically.  
With the aim to perform a systematical study, this study was begun with the investigation of 
the first desorption step, using the LiNH2 single component system. The LiNH2 sample powders 
were activated with diverse ball milling processes for different milling periods. Three weight 
percent of boron nitride (BN) were used as additive in some of the experiments. Boron nitride 
was selected for two reasons. First, it has not been widely studied (in contrast to, for example, 
TiCl3); second, it has already been shown that BN could improve the LiNH2-LiH hydrogen storage 
system desorption kinetic [Agu07]. Table 4.1 shows the sample names and the corresponding 
preparation methods.  
Table 4.1: LiNH2 single component sample names and preparation methods 
Sample name Milling time 
/ Hour 
Dry/wet  ball 
milled 





LiNH2(as received) _ _ _ _ 
LiNH2-3h-T 3  wet (with THF) 5 and 2 mm/ (7:3) _ 
LiNH2-3h-D 3 dry 5 and 2 mm/ (7:3) _ 
LiNH2-24h-D 24 dry 5 and 2 mm/ (7:3)  
LiNH2-72-T 72  wet (with THF) 5 and 2 mm/ (7:3) _ 
LiNH2-72-D 72  dry 5 and 2 mm/ (7:3) _ 
LiNH2-72-T-3BN 72  wet (with THF) 5 and 2 mm/ (7:3) 3  
LiNH2-72-D-3BN 72  dry 5 and 2 mm/ (7:3) 3  
LiNH2-72+24-T 1
st
 step: 72  wet (with THF) 1
st
 step: 5 and 2 mm/ _ 
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3  
4.1.1 Characteristics of Sample Powders 
4.1.1.1 Microstructure Study Using Scanning Electron Microscopy (SEM)  
Figures 4.1-4.4 display SEM images of LiNH2 as received (Figure 4.1) and after different 
treatment procedures (Figure 4.2-4.4). The SEM samples were prepared by scattering the 
powders onto carbon tape followed by pressing with a glass plate in order to get better 
conductivity. 
 
(a)                                                                        (b)  
Figure 4.1 :SEM images of LiNH2 (as received) 
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                                        (a)                                                                     (b) 
Figure 4.2: SEM images of as milled sample: LiNH2-3h-D 
 
                                    (a)                                                                     (b) 
Figure 4.3: SEM images of as milled sample: LiNH2-3h-T 
 
 (a)                                                                     (b) 
Figure 4.4: SEM images of as milled sample LiNH2-72-T 
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The resulted Particles of the as-received LiNH2 powder came in various shapes and sizes (cf. 
Figure 4.1a). The surface of a bigger particle can be seen in Figure 4.1b. It was almost smooth. 
Some finer particles of 0.2-1 µm adhered to the surface of the bigger ones. Figure 4.2 and 
Figure 4.3 show that after three hours ball milling, the average particle sizes were significantly 
lower than in the as-received powders. Figure 4.2 (b) and Figure 4.3 (b) show the particles with 
larger magnification. In contrast to the smooth surface of the as-received material, the surfaces 
of the ball milled particles looked different. The fine particles formed agglomerates with 
relatively rough surfaces. After three hours wet ball milling, still large crystalline particles could 
be found. However, after 72 hours wet ball milling process (cf. Figure 4.4) the particle sizes 
were significantly smaller than the samples after three hours wet treatment.  
 
Figure 4.5: An example picture of particle size analysis with software AnalysisPro (Sample: LiNH2-72-T) 
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Figure 4.6: Particle sizes of the LiNH2 as received and as milled samples 
In order to quantify the particle sizes of the samples, the software Analysis Pro (Iter)was used 
to analyse the SEM images. For each sample, 100 particles were chosen randomly from 2-3 
different SEM images. An example is shown in Figure 4.5. In this example twelve particles in the 
same region were measured (marked with red circles). The mathematical average values of the 
particle sizes were calculated by the software AnalysisPro and are illustrated in Figure 4.6. The 
bars in Figure 4.6 are not error bars but presenting the particle size distribution interval of the 
100 particles under analysis.  
For the as received sample, the particle sizes were in a range of about 80 nm to 100 µm with a 
mean value above 10 µm. After ball milling processes, the particle sizes of all the samples were 
significantly reduced. Corresponding to the SEM images in Figure 4.2(b) and Figure 4.3(b), 
particles with large size can be found in the 3 hours wet ball milled sample which led to a larger 
average particle size of the LiNH2wet ball milled sample compared with the dry ball milled 
sample. A possible reason could be reduced friction and impact force acting on the sample due 
to the role of lubrication that THF plays. Increasing the milling time (72 h) leads clearly to a 
further reduction of the particle size (cf. Fig 4.6). 
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4.1.1.2 Microstructure Study Using X-ray Diffraction (XRD)  
 
Figure 4.7: Comparison of the XRD patterns of LiNH2 samples with different wet ball milling time periods 
Figure 4.7 illustrates the XRD diagrams from an as-received sample and samples with different 
wet ball milling time periods. Except for sample LiNH2-72+24-T, there is no evidence for Li2O in 
the samples. The small peak at about 2θ≈33° in sample LiNH2-72+24-T corresponds to the main 
peak position of Li2O. The reason why this sample got slightly oxidized is explicable. First, it had 
a larger specific surface area which makes it higher tendency to get oxidation. Second, this 
sample was milled twice, in order to get the powder out of the suspension liquid with the fine 
milling balls (diameter: 0.1 mm), a waiting time of 24 hours was necessary for the milling balls 
to settle down to the bottom of the beaker. This long time period facilitated oxidation. 
LiNH2 exhibits several double peaks (2θ= 34.889° and 2θ= 35.619°, 2θ= 50.717° and 2θ= 
51.260°, 2θ= 60.837° and 2θ= 60.970°). They could clearly be observed in the XRD pattern of 
the as-received sample. In the XRD patterns of all the ball milled samples, the peaks tend to be 
broader and all of the double peaks fuse into a single peak. This difference can be explained by 
a larger crystallite size of the wet ball milled samples. Based on the XRD pattern data of the 
samples, the crystallite size and strain had been calculated using the Williamson-Hall method. 
The results are shown in Figure 4.8. Compared to the as-received sample, all the wet ball milling 
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processes had led to a decrease in the crystallite size of the samples (cf. Fig 4.8a). As the milling 
time increased, the resulting sample crystallite size (cf. Fig 4.8a) and strain (cf. Fig 4.8b) 
increased, as well.  
 
(a)                                                                                          (b) 
Figure 4.8: Comparison of (a) crystallite size and (b) lattice strain of LiNH2 samples with different wet ball 
milling time periods (calculated with Williamson-Hall method) 
A comparison of the XRD patterns of dry and wet ball milled LiNH2 samples (cf. Fig 4.9) 
revealed, in general, no phase change for dry and wet ball milled samples. The XRD pattern of 
LiNH2-72-D exhibited a weak peak at around 2θ≈33° which can be attributed to Li2O. However, 
this peak could not be found in the wet ball milled material with the same process time. Other 
results were similar for wet and dry ball milled LiNH2+LiH samples (see below). In general, the 
wet ball milled samples tended to be less easily oxidizable than dry ball milled material. Th 
possible reason for that may be the THF covered the LiNH2 particles during the milling process 
and prevented them from oxidation. 
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Figure 4.9: Comparison of the XRD patterns of dry and wet ball milled LiNH2 samples 
The size of the crystallites was calculated with Williamson-Hall plot based on the width of the 
peaks at different positions. The calculated results shown in Figure 4.10a illustrate that the wet 
ball milling produced larger crystallites than that dry ball milling after the same treatment time. 
The underlying mechanism for that phenomenon may be that THF acted as lubrication. The 
friction and impact force acted on the LiNH2 sample particles were then reduced in the case of 
wet ball milling process. This assumption was supported by the calculated lattice strain values 
(cf. Fig 4.10b) which show that the dry ball milling process resulted in larger lattice strain than 
that of the wet ball milling process. 
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Figure 4.10: Comparison of (a) crystallite size and (b) lattice strain between dry and wet ball milled LiNH2 
samples  
Figure 4.11 shows the comparison of the XRD patterns between the sample LiNH2-72-T and 
LiNH2-72-T-3BN. XRD patterns of the sample with BN as additive did not show clear phase 
differences from the sample without BN (cf. Fig 4.9). Just a minor additional peak at 2θ=26.8° 
could be discerned.  
 
Figure 4.11: Comparison of the XRD patterns between wet ball milled LiNH2 samples with and without BN 
additive  
It can be seen in Figure 4.12 that this three percent by weight BN did not influence the 
crystallite size or the lattice strain of the sample clearly. 
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                                              (a)                                                                                       (b) 
Figure 4.12: Comparison of (a) crystallite size and (b) lattice strain between samples with and without BN 
as additive 
4.1.1.3 BET Results 
The specific surface area is a very important parameter to evaluate a hydrogen storage system 
[Zue03]. To increase it is always a development target. The desorption of LiNH2 is an important 
step of the LiNH2-LiH system. In this study, the specific surface area of the LiNH2 powders were 
measured using the BET method and the results are shown in Figure 4.13. 
All ball milling processes were successful in increasing the specific surface area of the sample 
powders (28 - 119 m
2
/g) as compared to that of the as-received material (2 m
2
/g). A longer ball 
milling time led to higher specific surface areas of the sample powders. But the addition of 3 
wt% of BN did not significantly influence the specific surface areas. The results of samples 
LiNH2-72-T (60 m
2
/g) and LiNH2-72+24-T (119 m
2
/g) demonstrate that an additional 24-hour 
fine-ball milling process can clearly improve the specific surface area of the LiNH2 powder 
further. 
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Figure 4.13: Specific surface area of LiNH2 sample powders measured by the BET method 
4.1.2 Sorption Behavior  
Figure 4.14 displays the desorption results obtained from the IsoSORP-MSB system (magnetic 
suspension balance). A LiNH2 as-received sample and a sample milled dry for 3 hours (LiNH2-3-
D) were heated from 50°C up to 380°C at a rate of 2 K/min. Different from the experiment with 
the Belsorp-HP, the pressure during the entire experiment was well controlled at vacuum 
condition. This should help to desorb the hydrogen more efficiently. 
The curves in Figure 4.11 indicate that within the same experiment condition the desorption 
reaction with LiNH2 as received sample began much later (around 250°C) than that of the 
sample after 3 hours dry ball milling (around 100°C). However, the total weight losses of both 
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Figure 4.14: Comparison of desorption behavior between a LiNH2 as-received sample and a 3-hour dry ball 
milled sample (IsoSORP-MSB) 
As discussed before (see chapter 3.4.1), the Belsorp-HP is a closed system. The graph in Figure 
4.15 illustrates slow desorption kinetics for all the samples. The maximum weight loss of LiNH2 
is, theoretically, 36.9 %. With the Belsorp-HP system, only around 1.5-2.5 wt% weight loss could 
be achieved within 550 min. This was nearly independent of the specific surface area, as 
indicated by the desorption curves of samples LiNH2-72+24 (119 m
2
/g) and LiNH2-72-T (60 
m
2
/g), where the specific surface areas differed by a factor of 2. The sample with 3 wt% BN 
(LiNH2-72-T-3BN) tended to have faster desorption kinetics at the beginning. 
Time / min 
Temperature / °C 
Weight loss / 
wt% 
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Figure 4.15: Sample desorption at 300°C in the Belsorp-HP system 
 
Figure 4.16: LiNH2-72-T desorption at 300°C in the magnetic suspension balance system 
Figure 4.16 shows the desorption profile of sample LiNH2-72-T at 300°C with the magnetic 
suspension balance. The desorption temperature was same as that used in Figure 4.15. The 
pressure of the system was kept at vacuum level. It is obvious that the weight loss measured 
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higher than the result obtained with the Belsorp-HP system shown in (500 min, 1.5 wt%). This 
was a general phenomenon. The NH3 partial pressure stops probably the desorption of LiNH2 
particles very effectively and the low pressure in the IsoSORP-MSB system supports the forward 
reaction of the gaseous desorption.  
4.1.3 Thermodynamic Calculations  
In order to better understand the thermodynamic decomposition behavior of LiNH2, DTA-TG-
MS analyses were performed with samples LiNH2-72-T and LiNH2-72-T-3BN. The samples were 
heated from 50 to 400°C at rates of 1, 2, and 5 K/min, respectively.  
As introduced in chapter 2.6.1, the maximum rate of transmission, which corresponds to the 
differential thermo-gravimetric (DTG) peak, could be used to calculate the activation energy. 
The DTG peak temperature was taken as described by Varin et al [Var11]. In case of good 
contact with the sample holder, the DTG peak position should be equal to the DTA peak 
position. As only thermo-gravimetric analysis (TGA) and Differential Thermal Analysis (DTA) 
data were available in this study, the DTG peak first had to be derived from the TGA data. 
As shown in Figure 4.17, with the TGA experimental result of sample LiNH2-72-T-3BN (heating 
rate: 1 K/min), the DTG profile was calculated and drawn as blue line. Then the DTA and DTG 
peak positions were compared. As can be seen, both peak positions almost coincide. That 
means the maximum mass changing point match the maximum heat changing position. The 
same result was obtained for other LiNH2-72-T-3BN samples with different heating rates. 
Therefore, it seemed permissible to take the DTA peak data for further calculations. 
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Figure 4.17: Comparison of measured DTA and calculated DTG positions in the result obtained with sample 
LiNH2-72-T-3BN (heating rate: 1 K/min) 
All DTA/TGA experiments of the LiNH2 samples revealed one clear endothermic peak in the 
temperature range between 350°C and 400°C(cf. Figure 4.18 and Figure 4.19 ), which is in 
agreement with published data from Varin and Yang [Var11]. With different heating rates, 
different DTA peak temperatures were obtained as shown in Figure 4.18 and Figure 4.19. 
Based on the peak temperatures and heating rates, the activation energies of the LiNH2-72-T 
and LiNH2-72-T-3BN samples were calculated using the Kissinger method (see Chapter: 2.6.1). 
The corresponding linear fits are shown in Figure 4.20 and Figure 4.21, respectively. The 
resulting activation energies were 321.8±33.2 kJ/mol NH3 and 260.2±18.0 kJ/mol  NH3, 
respectively. Both R square values (the square of the linear regression coefficient) were better 
than 0.95, which means that the calculated result should be reliable.  The results suggest that 
the addition of BN can lower the activation energy of the LiNH2 decomposition reaction.  
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Figure 4.18: DTA results of LiNH2-72-T, heating rate: 1 K/min, 2 K/min and 5 K/min 
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Figure 4.20: Activation energy calculation of sample LiNH2-72-T 
 
Figure 4.21: Activation energy calculation of sample LiNH2-72-T-3BN  
Results and Discussion 
- 72 - 
 
4.2 The LiNH2+LiH System 
Similar to the LiNH2 samples, LiNH2+LiH samples were also ball milled using different process 
parameters. In some cases the effect of BN as additive was studied, as well(see Table 4.2). 
Table 4.2: LiNH2 +LiH sample names, composition and milling process parameters 













_ _ _ _ 
N12L-24h-D LiNH2:LiH 
1:1.2 
24 Dry 5 and 2 mm/(7:3) _ 
N12L-72-T LiNH2:LiH 
1:1.2 
72 Wet (with 
THF) 
5 and 2 mm/(7:3) _ 
N12L-72-D LiNH2:LiH 
1:1.2 





72 Wet (with 
THF) 





72 Wet (with 
THF) 





72 h Wet (with 
THF) 
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5 and 2 mm/(7:3) 
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nd
 step: 0.1 mm 
_ 
4.2.1 Characteristics of Sample Powders 
4.2.1.1 Microstructure Study using Scanning Electron Microscopy (SEM)  
In order to study the influence of various milling conditions on the samples, SEM images were 
taken of dry and wet ball milled samples after 24 and 72 hours of processing (Figure 4.22-Figure 
4.25). 
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For each sample, two SEM images are shown. The micrographs on the left side were obtained 
with a backscattered electron detector (QBSD) at relatively small magnification. Those images 
are suitable to evaluate the size and morphology of the particle agglomerations. The images on 
the right side were obtained with a secondary electron detector (In-lens) at larger magnification 
to display the microstructure of individual particles.  
The particle agglomerations of samples with shorter milling time (Fig 4.22a and 4.23a) had 
diameters up to 50 μm. For both the wet and dry ball milling, the agglomeration sizes were 
reduced after longer milling time (cf. Figure 4.24a and Figure 4.25a). The higher magnifications 
showed comparatively smaller primary particles for the dry ball milled samples. However, after 
long time dry ball milling processes, the packing densities of the particles were rather high. 
With wet ball milling, the agglomerates exhibited a lower packing density, which was associated 
with a higher specific surface area which will be quantitatively analyzed later. This observation 
may be attributed to the existence of the liquid phase between the particles in the wet ball 
milling process. The comparatively loose packing of the particles might help to enlarge the free 
surfaces of the samples.  
   
 (a)                                                                                 (b) 
Figure 4.22: SEM images of sample N12L-24h-D 
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 (a)                                                                                 (b) 
Figure 4.23: SEM images of sample N12L-24h-T 
 
 (a)                                                                                 (b) 
Figure 4.24: SEM images of sample N12L-72h-D 
  
 (a)                                                                                 (b) 
Figure 4.25: SEM images of sample N12L-72h-T 
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The particle sizes of the four samples were studied with software Analysis Pro. 100 particles 
were chosen from 2-3 different SEM images for each sample. The resulted particle size 
distributions with mathematical mean values are illustrated in Figure 4.26. As discussed earlier, 
the particles of the dry ball milled samples always tended to have a high packing density. On 
the other hand, the higher impact and friction force led to particles with finer sizes. As shown in 
Figure 4.22b and Figure 4.24b, many such fine particles adhere together, sometimes more likely 
resulting in a newly formed big particle than an agglomeration. Therefore the dry ball milled 
samples have a wider range of particle size distribution than that of the wet ball milled samples 
(cf. Fig 4.26). 
 
Figure 4.26: Particle size distribution of LiNH2+LiH dry/wet milled samples with different milling time 
The specific surface areas from Figure 4.27 are mostly higher than the results from Varin et al 
[Var10a] after 100 hours of ball milling (SSA: 45.6 m
2
/g). This may be due to the planetary 
milling method and the high crushing strength of YSZ media which gave effective milling results.  
In contrast to the LiNH2 samples, the wet ball milled samples tended to have approx. 20 % 
larger specific surface areas as compared to dry ball milled samples. This indicated that the wet 
ball milling processes help to enlarge the specific surface areas of LiH but not of LiNH2. It is also 
suggested that the lower packing density of the agglomerates after wet ball milling could 
enhance the specific surface area of the samples. A comparison of the BET results of the dry ball 
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milled (24 hours: 39 m
2
/g; 72 hours: 69 m
2
/g) and the wet ball milled samples (24 hours: 50 
m
2
/g; 72 hours: 92 m
2
/g) support this conclusion.  
 
Figure 4.27: Specific surface area of LiNH2 +LiH sample powders determined by the BET method 
The influence of 24-hour additional milling with fine milling balls is presented in Figure 4.28. It 
can be seen that the particle size covers a range between approx. 40 and 500 nm before the 
fine ball milling process (cf. Fig 4.29, N12L-72-T). After 24 hours of additional milling with 
smaller balls, the resulting particle sizes were generally reduced (cf. Fig 4.29, N12L-72+24-T). 
What can be noticed is that the particles in Figure 4.28b tend to adhere closer to each other 
than those illustrated in Figure 4.28a. The reason may be that although the fine milling balls are 
small enough to smash the smaller particles, the impact force might be too weak to break the 
larger agglomerates. 
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Figure 4.29: Particle size distribution of LiNH2+LiH as milled samples 
Figure 4.30 illustrates the specific surface areas of three wet ball milled samples measured by 
the BET method. Even though the SEMs show reduced particle sizes for the sample with 
repeated milling (N12L-72+24-T), the increase of the specific surface area is only 10 m
2
/g. The 
limited increase coincided with the high packing density of the N12L-72+24-T sample particles 
(cf.Fig 4.28b).  
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4.2.1.3 Microstructure Study Using X-ray Diffraction (XRD) 
The XRD patterns shown in 
 
Figure 4.31 visualize that LiNH2 and LiH phases existed in all the samples after dry or wet ball 
milling. No new phases except traces of Li2O in some samples were found. Crystallite sizes of 
the samples calculated according to the Williamson-Hall method confirmed that both wet and 
dry ball milling processes reduced the crystallite size clearly (cf. Fig 4.32a) and introduced 
lattice strain (cf. Fig 4.32b). Neither the 3 wt% of BN nor the additional 24-hour fine wet ball 
milling process affected the crystallite size or lattice strain evidently. 
Results and Discussion 
- 79 - 
 
 
Figure 4.31: XRD patterns of five differently processed LiNH2+LiH samples 
 
Figure 4.32: Calculated (a) crystallite sizes and (b) lattice strain of the as-received and differently milled 
LiNH2+LiH samples 
4.2.1.4 Characterization of Samples with Different Amounts of BN 
In order to study the influence of different amounts of BN on the microstructure of  LiNH2+LiH 
samples, SEM images of samples with different amounts of BN were taken (sample N12L-72-T-
3BN and sample N12L-72-T-6BN). The corresponding SEM images are presented in Figure 4.33.  
(a) (b) 
Results and Discussion 
- 80 - 
 
  
Figure 4.33: SEM image of (a): N12L-72-T-3BN and (b): N12L-72-T -6BN in large magnification 
 
Figure 4.34: Particle size distribution of LiNH2+LiH as milled samples with different amount of BN 
In Figure 4.33, no clear morphology difference could be recognized between the two samples. 
The particle sizes were studied with software Analysis Pro. The results in Figure 4.34 showed no 
significant differences in mean particle size. Even a comparison with the sample without 
additive (cf. Fig 4.28a) does not reveal any significant difference between the three samples. 
Obviously, three weight percent of BN were not sufficient to influence particle size and 
morphology of the samples. Therefore, the possible influence of BN on the behavior of the 
LiNH2+LiH system cannot be attributed to a change in the powder particle morphology or size.  
(a) (b) 
Results and Discussion 
- 81 - 
 
4.2.2 Sorption Behavior  
Figure 4.35 summarizes the desorption profiles of the samples N12L-72-T, N12L-72+24-T, N12L-
72-3BN-T, and N12L-72-D. The experiments were done with the volumetric Belsorp-HP system 
at a desorption temperature of 285°C. The desorption profiles of the four samples are very 
similar. Neither milling time, nor milling condition or inclusion of BN seemed to have an 
influence. Although sample N12L-72+24-T had a larger specific surface area and smaller particle 
sizes, the desorption kinetic and ending pressure did not differ from that of sample N12L-72-T. 
Obviously, the microstructure of the samples did not influence the sorption behavior of the 
LiNH2+LiH system significantly.  
The lacking influence of BN on the desorption kinetic of LiNH2+LiH is in contrast to the report 
done by Aguey-Zinsou et al. [Agu07]. According to their work, BN improves the desorption 
kinetic of LiNH2+LiH materials. This effect of BN on the LiNH2+LiH system in this study will be 
further addressed in chapter 4.2.5.  
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4.2.2.2 The Influence of Different Amounts of Additive on the System Behavior 
In order to study the influence of different amounts of BN on the desorption behavior of the 
LiNH2 +LiH system, samples with different BN amounts (1.5, 3, and 6 wt% BN) were studied 
using the Belsorp-HP volumetric system. The samples were heated up to 250°C in the closed 
system and kept at this temperature for 3 hours. The pressure results are illustrated in Figure 
4.36.  
 
Figure 4.36: Desorption of three LiNH2 +LiH samples with 1.5, 3 and 6 wt% BN, respectively, at 250°C for 3 
hours 
The initial desorption curve shows an increase in desorption kinetic with the amount of BN. 
However, the differences were not significant. The calculated weight loss for all the samples 
ranged from 2.1 wt% to 2.5 wt% at the temperature of 250°C. 
4.2.3 Thermodynamic Analysis  
4.2.3.1 Activation Energy  
The influence of BN on the activation energy was studied for the samples N12L-72-T and N12L-
72-T-3BN using the STA 449 F3 Jupiter system (Introduction see Chapter 3.3.2). The samples 
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The sample masses were 60-63 mg. The results for the heating rate of 5 K/min are shown in 
Figure 4.37 and Figure 4.38. During the heating process, neither sample showed a release of 
NH3 (cf. blue mass line for m=17). Only H2 (m=2, pink lines) was detected.  
 
Figure 4.37: DTA-TG-MS result of sample N12L-72-T, heating rate: 5 K/min  
 
Figure 4.38: DTA-TG-MS result of the sample N12L-72-T-3BN, heating rate: 5 K/min 
Similar to the findings of Yao et al. [Yao07] and Varin et al. [Var10a], the weight losses of the 
samples were accompanied by a very broad endothermic DTA peak. However, the on-set 
hydrogen desorption temperatures of both samples in this study were below 100°C, which are 
considerably lower than the 120-160°C reported by Yao et al. [Yao07] or the 187-268°C 
Results and Discussion 
- 84 - 
 
published by Varin et al. [Var10a] With 219-255°C and 210-257°C, respectively, the peak 
positions measured in this study were up to 70°C lower than those reported by Varin et al. 
[Var10a]. However, their higher heating rate (5, 10, and 15 K/min) might be a reason for the 
differences.  
In order to calculate the activation energy, the peak point (Tp) of the DTA result was taken (see 
also chapter 2.6.1). The three heating rates yielded three DTA peaks for each sample (see Figs 
4.39 and 4.40). An X-Y plot with 1000/Tp on the X axis and ln(β/Tp
2
) as Y variable (β being the 
heating rate) yielded the red lines in Figure 4.41 and Figure 4.42. The corresponding R-square 
values were larger than 0.95, which is better than published references [Var11] with four 
points. One reason for the better R-square values for the linear fit may be the use of only 3 
points in contrast to that in the literature (4 points). The other reason may be the slower 
heating rates applied in this study which might render the temperature signals more reliable. 
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Figure 4.40: DTA result of N12L-72-T-3BN, heating rate: 1 K/min, 2 K/min, and 5 K/min 
Applying the Kissinger method, the activation energy Ea can be calculated from the slope of the 
linear fit curves in Figure 4.41 and Figure 4.42. For the sample without additives (N12L-72-T), Ea 
was calculated as 84.7± 12.0 kJ/mol, which is very close to published data (85 kJ/mol) for the 
same system [Var11]. For the sample with 3 wt% BN (N12L-72-T-3BN) an Ea of 68.0± 6.5 kJ/mol 
was calculated. The comparison of the results shows that with the same milling process, the 
sample with 3 wt% BN has a lower activation energy based on the Kissinger method. 
 
























Results and Discussion 
- 86 - 
 
 
Figure 4.42: Activation energy calculation of N12L-72-T-3BN 
4.2.3.2 Reaction Enthalpy Calculation 
In order to study the desorption enthalpy of the different samples, three  ball milled samples 
were desorbed at 4 different temperatures in the range from 250°C to 325°C with the Belsorp-
HP volumetric system. The desorption time was 3 hours in each case. 
The desorption results are illustrated in Figure 4.43, Figure 4.44, and Figure 4.45. The higher the 
desorption temperature the faster the initial desorption kinetic and the higher the final 
pressure, which was reached after approx. 60 min. 
Results and Discussion 
- 87 - 
 
 
Figure 4.43: Desorption experiments of N12L-72-T, desorption temperatures were 250°C, 275°C, 300°C and 
325°C 
 















































Results and Discussion 
- 88 - 
 
 
Figure 4.45: Desorption experiments N12L-72-D-3BN, desorption temperature were 250°C, 275°C, 300°C 
and 325°C 
Applying the Van't Hoff equation (see Chapter 2.6.2), the enthalpy can be derived from a plot 
ln(P/P0) vs. 1000/T. For each sample there were 4 data points at 4 different temperatures. 
Figure 4.46, Figure 4.47, and Figure 4.48 illustrate the situation for the three model samples. 
From the slopes of the linear fit, the desorption enthalpies and entropies were calculated and 
are given in the figures. The quite high R
2
 values (over 0.93) indicating that the calculated 
enthalpies are reliable. 
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Figure 4.47: Enthalpy calculation of the sample N12L-72-D-3BN 
 
Figure 4.48: Enthalpy calculation of the sample N12L-72-T-3BN 
Considering the standard errors of the linear fits, the desorption enthalpies for the samples are 
calculated. Considering the margin of error, there are no significant differences in the resulting 
desorption enthalpies between dry and wet ball milled samples (33±5 kJ/mol and 32±4 kJ/mol), 
and between samples with and without BN (30±4 kJ/mol and 32±4 kJ/mol). The results 
illustrated that neither wet ball milling process nor BN as additive influences the desorption 
enthalpy definitely. 
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The LiNH2+LiH hydrogen storage system was first developed by Chen et al. [Che02], who 
reported an enthalpy of 45 kJ/mol. Varin and Yang [Var11] published a desorption enthalpy of 
62.4 kJ/mol for the material system without additive. Even though slightly lower, the results of 
this study are in reasonable accordance with the literature. 
4.2.4 Material Characteristics after Cyclic Desorption and Absorption 
Not only the as-received and as-milled samples, but also the samples after cyclic desorption and 
absorption were characterized in this study. The wet ball milled LiNH2+LiH samples were 
desorbed at 250°C. After that, absorption processes were done with some samples. The 
absorption temperature was 200°C with a beginning absorption pressure of approx. 1000 kPa.  
The desorption and absorption time for each sample was three hours. Table 4.3 illustrates the 
sample names and the corresponding process history. 
Table 4.3: Preparation methods of the samples treated by cyclic desorption and absorption 
Sample name As milled sample Desorption  
Temperature / °C 
Absorption Temperature/ 
°C 
N12L-25D N12L-72-T 250 - 
N12L-25D-20A N12L-72-T 250 200 
N12L-3BN-25D N12L-72-T-3BN 250 - 
N12L-3BN-25D-20A N12L-72-T-3BN 250 200 
  
Initially, the samples were studied by XRD method. The resulting XRD patterns are presented in 
Figure 4.49. The first two samples measured after desorption showed Li2NH as main phase. The 
small Li2O peaks that could be found suggest partial oxidation during the desorption process.  
After hydrogen absorption (sample N12L-25D-20A and N12L-3BN-25D-20A), LiNH2 and LiH were 
observed as main phases. This means that the samples achieved indeed one hydrogen 
desorption-absorption cycle and returned to the initial components.  
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Figure 4.49: XRD patterns of the samples after desorption and absorption [Du12] 
Based on the XRD patterns, the crystallite sizes of the milled samples and samples after 
desorption/absorption were calculated according to Williamson-Hall method. The results are 
shown in Figure 4.50.  
  
(a)                                                                     (b) 
Figure 4.50: Calculated crystallite sizes of two samples (a: without and b: with BN) after milling, 1st 
desorption, and 1
st
 absorption, respectively 
In the sample without BN the crystallite size increased after the 3-hour desorption process. 
After the absorption process, the crystallite size reached almost twice the size of the as-milled 
original.  
After the same cycle of three hours of desorption and three hours of absorption, the sample 
with 3 wt% of BN did not show a significant change in crystallite size (Figure 4.50b), which might 
Position 2θ / deg 
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be an indication that BN stabilizes the crystallite size of the LiNH2+LiH system during hydrogen 
sorption processes efficiently. To see Figure 4.51, after the 1
st
 desorption both samples 
released the lattice stain, after the 1
st
 absorption, some new strain appeared again.  
 
Figure 4.51: Calculated lattice strain of LiNH2+LiH as milled, after 1
st
 desorption, and 1
st
 absorption, 
respectively (a): without BN, (b): with 3 wt% BN 
Figure 4.52 displays SEM images of the samples after the desorption/absorption processes. The 
first line shows the sample without BN (N12L-72-T). In the SEM images it can be seen that after 
desorption and absorption processes, the particle size did not change visibly. The second line 
shows the SEM images of the sample with BN after desorption and absorption, respectively. 
From the SEM images it can be see that the particles sizes also show no obvious change. Figure 
4.53 gives a quantification result of the particle size distribution which conforms to the 
conclusion above.  
This results means that during the desorption and absorption processes, the particle sizes of 
the LiNH2+LiH samples did not change. The sample with and without BN had no significant 
differences.  
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Figure 4.52: SEM images of two LiNH2+LiH samples after hydrogen desorption and absorption [Du12] 
 
Figure 4.53: Particle size distribution of LiNH2+LiH (with and without BN) after 1
st
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4.2.5 Improvement of the Desorption Behavior by Additives 
4.2.5.1 Wet Ball Milled Samples with BN  
In order to study the influence of BN as additive on the LiNH2+LiH system, the sample behavior 
was also studied in a cyclic desorption-absorption program. The desorption temperature was 
285°C and the absorption temperature 200°C. The desorption/absorption period was 3 hours 
each and the initial absorption pressure was approx. 1000 kPa. Figure 4.54 gives an example of 
the first to third hydrogen desorption cycle for a wet ball milled sample without additives 





 cycles as compared to the 1
st
 cycle. The relative desorption amount was 84.6 % and 38.5 
% of the 1
st
 cycle. Figure 4.54 also illustrates that the hydrogen release rates became smaller 
with increasing cycle number. 
 
Figure 4.54: Cyclic hydrogen desorption of sample N12L-T-72 (D: 285°C, A: 200°C) [Du12] 
Figure 4.55 shows the cyclic hydrogen desorption curves of a sample with BN (N12L-72-T-3BN). 
The cycle performance of this sample is much better than for the previous example without 
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are similar to that of the 1
st
 cycle.  
 
Figure 4.55: Cyclic hydrogen desorption curves of T52-72-3BN (D: 285°C, A: 200°C) [Du12] 
According to the results presented in Figure 4.54 and Figure 4.55, the addition of 3 wt% BN can 
effectively enhance the recyclability of the LiNH2+LiH system. In the previous chapters it was 
stated that BN did not influence the particle size of the LiNH2+LiH samples, but seems to 
stabilize the crystallite size of the samples. That may give a hint that the recyclability of 
LiNH2+LiH powder mainly depends on the crystallite size of the material. 
4.2.5.2 BN with Dry Ball Milled Samples 
In order to further understand the influence of BN on the LiNH2+LiH hydrogen storage system, 3 
wt% of BN was added to dry ball milled samples and their desorption behavior was studied. 
The desorption temperatures were 275°C and 300°C. The desorption experiments were 
performed in the Belsorp-HP volumetric system. The desorption phases lasted three hours. 
After that, the whole system was cooled down with the furnace to room temperature. The 
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The results for three samples are shown in Figure 4.56-Figure 4.58. It can be seen that samples 
N12L-72-T-3BN and N12L-72-D-3BN have comparable desorption kinetics and equilibrium 
pressures. As the temperatures of the samples were only slowly decreasing during the cooling 
process (from minute 180 to minute 300), the samples began to absorb hydrogen again. For the 
samples without BN (N12L-72-D, cf. Fig 4.58), this re-absorption effect was only weak at either 
temperature. 
 
Figure 4.56: Desorption curves of sample N12L-72-D-3BN at 275°C and 300°C, with cooling down step 
 
Figure 4.57: Desorption curves of sample N12L-72-T-3BN at 275°C and 300°C, with cooling down step 
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Figure 4.58: Desorption curves of sample N12L-72-D at 275°C and 300°C, with cooling down step 
In order to prove that the pressure drop was mainly attributable to the re-absorption and not 
due to the influence of the temperature on the gas pressure, two blank measurements with 
empty sample holders were performed (cf. Figure 4.59).The empty sample holders were 
connected to the Belsorp-HP volumetric system, the system was filled with helium up to about 
20 kPa and 45 kPa, respectively, and heated to 250°C. After the pressure had reached a 
constant level, the whole system was cooled down to room temperature. Even though, these 
two experiments were carried out at slightly different temperatures and pressures as compared 
to the desorption experiments in this study, they illustrate that the influence of the 
temperature on the system pressure was minor and hence, that the observed pressure drop in 
Figure 4.56 and Figure 4.57 was mainly caused by the hydrogen absorption of the test samples.  
 
Figure 4.59: Belsorp system cooling down with empty sample holder (250°C to room temperature) 
250°C 
Room Temperature 
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4.2.5.3 Influence of the Amount of BN on the LiNH2+LiH System 
The influence of the amount of BN on the first desorption behavior was described in Chapter 
4.2.2.2. Here, the influence of the amount of BN on the recyclability will be described. Cyclic 
hydrogen desorption and absorption experiments were performed with samples N12L-T-1.5BN 
and N12L-T-6BN. The desorption temperature was 250°C, the absorption temperature 200°C. 
Desorption and absorption time periods were three hours, each. The initial desorption pressure 
was vacuum and absorption pressure was 1000 kPa. The results are shown in Figure 4.60 and 
Figure 4.61. 
 
Figure 4.60: Cyclic desorption and absorption for N12L-72-T-1.5BN, calculated weight losses 
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As displayed in Figure 4.60 and Figure 4.61 both samples exhibit good recyclability and similar 
performance. Thus, within the range from 1.5 to 6 wt% BN, the effect of the additive on the 
sorption behavior of the LiNH2+LiH system was constant. 
4.2.6 Pressure Dependence of the Desorption Behavior 
In this chapter results of hydrogen desorption cycling experiments are presented. Experiments 
were carried out with both the Belsorp-HP volumetric and the IsoSORP-MSB gravimetric 
system. 
The experiments are desorption cycling experiments, because there was no absorption process 
between the individual desorption cycles. With Belsorp-HP system, the system was only cooled 
down to room temperature and evacuated (<5*10
-1
 Pa) after one desorption experiment. With 
IsoSORP-MSB system, the experiment pressure was kept rather low (<1.4 kPa) compared with 
that in the Belsorp-HP system during the whole desorption processes. The desorption cycling 
experiments were performed in the Belsorp-HP system for 5 cycles and in IsoSORP-MSB 
gravimetric system for 2 cycles. For all experiments, the desorption temperature was 250°C.  
The sample material was LiNH2+1.2LiH with 3 wt% BN (N12L-72-T-3BN). The results of the 
Belsorp system (cf. Fig 4.62) demonstrate that at the first desorption round only 2.8 wt% weight 
loss were achieved. At the 5
th
 round, the weight loss still amounted to approx. 0.75 wt%.  
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Figure 4.62: Desorption cycling of sample N12L-72-T-3BN at 250°C, Belsorp-HP system 
With the IsoSORP-MSB gravimetric system a weight loss of 5.5% could be achieved after the 1
st
 
desorption cycle in the vacuum desorption condition. There was almost no further weight loss 
in the second round (see Figure 4.63). This result shows that the resulting weight loss of this 
hydrogen system is mainly pressure dependent. 
 
Figure 4.63: Desorption cycling experiment of sample N12L-3BN at 250°C, IsoSORP-MSB system 
Based on the data obtained with these two systems, the relationship between the weight loss 
and pressure of the sample N12L-72-T-3BN is studied. It should be noticed that the resulting 
weight loss shown in Figure 4.62 for each cycle is not the final weight loss in each cycle 
because: 
1 In the Beslorp-HP closed volumetric system, during the cooling down process, there is 
always a hydrogen re-absorption process following the desorption process (similar as 
shown in Fig 4.57). Due to these re-absorption phenomena, one cannot simply add 
the end pressures of all the completed cycles to obtain the accumulated desorbed 
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2. There is always a slight temperature influence on the pressure (cf. Fig 4.59), based on 
the temperature influence got in Figure 4.59, the pressure in each cycle was 
calibrated. 
After calibration and calculation, the relationship between the desorption pressure and 
achieved weight loss is illustrated in Figure 4.64. The blue data point is got from the IsoSORP-
MSB gravimetric system and red points are from the Belsorp-HP volumetric system. Combining 
the weight loss data and the particle sizes results (got from the SEM images), more useful 
information (e.g. diffusion length) could be calculated for the further modeling study (e.g. the 
model in Fig 2.9). So these data might serve as useful information for future model building. 
 
Figure 4.64: Accumulated results from the desorption cycling experiments performed in the Belsorp-HP 
(red dots) and IsoSORP-MSB system (blue dot), Sample: N12L-72-T-3BN, Temperature: 250°C 
4.2.7 Theoretical Considerations on the Sorption Mechanism in the LiNH2 Particle 
4.2.7.1 Derivation of Formulas and Modeling 
In order to understand the desorption process of the LiNH2+LiH system, a model was developed 
based on thermodynamic and microstructure considerations. In addition, parameters such as 
Results and Discussion 
- 102 - 
 
the system dead volume, sample amount, particle size, and desorption temperature were 
included.  
As the desorption of LiNH2 particles is the first step of the desorption process, the work of the 
model begins with the analysis of the desorption behaviour of LiNH2 single component samples.  
 
 
Figure 4.65: Graphical representation of the model (Ps: system NH3 pressure, Pi: NH3 pressure at the 
interface, r1.0: initial particle radius, r1.1: the inner radius of the LiNH2 particle during desorption process) 
Every LiNH2 particle is considered a sphere (see Fig. 4.65). Initially, the radius of the LiNH2 
particle should be r1.0. During the desorption process, the inner radius of the LiNH2 particle 
becomes r1.1 and the surface shell forms the decomposition product Li2NH. Ammonia desorbs at 
the interface and diffuses through the Li2NH shell. The partial pressure of NH3 at the LiNH2-
Li2NH interface is Pi. The system pressure outside the particle is Ps. During the desorption 
process, the flow rate generated at the interface equals to the diffusion rate. If the flow rate of 















1 = @V.	(QYZ − Q[) Equation 4.2 
 with:  Peq: Equilibrium pressure 
  Pi:  Pressure at interface between LiNH2/Li2NH 
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and: 
@ = U%X ∗ 3/	(−
4
#$) Equation 4.3 
Lu et al. [Lu96] have introduced a model describing the gas diffusion processes of gas-solid 
reaction base on the Darcy`s law. With this diffusion model, the NH3 flow rate during the 








  Equation 4.4 
 With: D:  diffusivity of the gas 
  grad PNH3:  gradient of NH3 pressure in the Li2NH shell. 
Integrated between r1.1 and r1.0: 
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1 = @	 ∗ V./V.V./(V. (Q[ −Q)) Equation 4.7 
 with  Ps:  system pressure 
and: 
@	 = U\$  Equation 4.8 
As the generated gas flow rate should be equal to the diffusion rate, the flow rates in Equation 












1 . Equation 4.9 
With Equation 4.2 rearranged to  
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@V.	  Equation 4.10 
and Equation 4.7 and Equation 4.9 combined, one can get: 
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1 ∗ #$! ∗ 
*D = 1
1 ∗  Equation 4.13 
 with:  V:   the dead volume of the system 
   Nparticle:  the number of sample particles 
  R:  the ideal gas constant 
  A3:  constant depending on the sorption experimental environment 
 
*D = +.	.++*D	.++ = +.	.++*D	+J∗a = +.	.++b*∗a
	  Equation 4.14 
and A3: 
  = #$! ∗ 
*D Equation 4.15 
As the system pressure Ps in the closed Belsorp-HP system is related to the amount of the 
reacted section of the LiNH2 particles. Based on the reaction in Equation 2.10, every two 
molecules of reacted LiNH2 correspond to one molecule of NH3 in the closed system. This 
relationship can be written as: 
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	∗∗!  Equation 4.16 
 with: M: Molar mass of LiNH2 
or 
 Q) = @(V./ − V.) Equation 4.17 




	∗!  Equation 4.18 
Equation 4.17 can be rewritten as: 
 V. = eV./ − Q)@

 Equation 4.19 










 Equation 4.20 
With Equation 4.20 put into Equation 4.13 finally results in: 
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 )∗ eV./( Q@
 ∗@&V./∗@	
 Equation 4.21 
In Equation 4.21, the pressure changing rate is a function of pressure. With the help MAPLE or 
similar software, the resulting system pressure profile over time can be calculated. The further 
work is to adjust the parameters.  
4.2.7.2 Estimate of Constants for the Experimental System Used in This Study 
In the Belsorp-HP system, the typical dead volume is around 40 cm
3
. Based on the SEM images, 
the average particle size can be estimated as 200 nm. The diffusivity coefficient of NH3 is 0.1978 
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/s [Mas97]. The density ρ of LiNH2 is 19.44 cm
3
/mol [Sha08a], the molar mass M is 23, and 
the temperature T was typically 523 K. With these values, Equation 4.8 and Equation 4.14 yields： 
@	 = U\$ = ∗.∗/.hij∗/
`	






= 	. / ∗ / Equation 4.23 






	∗∗	∗/∗/` = . // ∗ /	k Equation 4.24 
 
With the values for Nparticle and the dead volume V, A3 from Equation 4.15 can be calculated as: 
 @ = 9' ∗ _c>V[SdY = j.∗k	/∗/` ∗ 	. / ∗ / = 	. h ∗ /		m/. Equation 4.25 
Apart from the parameters A2, A3, and A4, A1 was calculated based on the data got from one 
desorption experiment of sample LiNH2-72-T. The calculation was done under the hypothesis 
that at the beginning desorption process, the sorption flow rate is only determined by the 
sorption kinetic but not the diffusion process. So with the experimental data, the A1 value was 
calculated as 2.97*10
-12
. Put all the values in to Equation 4.21, with the help of MAPLE 
software, the resulting system pressure profile over time was calculated as shown in Figure 
4.66. 
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(a)                                                                  (b) 
 
Figure 4.66: Pressure-Time plot calculated from Equation 4.21 with all parameters calculated above, T= 523 
K (a): Time: 1-6*10
4
 s, (b): Time: 0-6*10
5
 s 
Additionally, this model has also been applied at another, lower temperature (T=473 K). A2, A3, 
and A4 were newly calculated based on Equation 4.8, Equation 4.15, and Equation 4.18. A1 value 
was calculated based on the A1 value got at 523 K and the activation energy of LiNH2 desorption 
got in this study. The resulting system pressure profile over time was calculated as shown in 
Figure 4.68. In the figures it can be seen that at lower temperature, the desorption kinetic was 
largely reduced. It should be noticed that many parameters (such as Nparticle, A1 value, V) are 
rough values. So the pressure-time profiles showed in Figure 4.66 and Figure 4.67 are not 
exactly quantified results. However, sorption kinetic changing tendency under different 
temperatures is exactly as expect. 
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(a)                                                                  (b) 
 
Figure 4.67: Pressure-Time plot calculated T= 473 K (a): Time: 1-6*10
6
 s, (b): Time: 0-6*10
7
 s 
Parameters A1 and A2 are related to the reaction mechanism and diffusion process, respectively. 
Their estimate is critical for model building. With the fixed calculated parameters A4, A3 and 
Nparticle, it was interesting to find that with a fixed A1 or A2, the other parameter can be changed 
in a wider range without affecting the pressure-time curve. This may be a hint that either the 
decomposition or the diffusion is the rate-limiting step. Further investigation is still needed. 
4.2.8 Alternative Doping of the LiNH2 +LiH System 
It has been found that 3 wt% of BN can improve the recyclability of the LiNH2+LiH system very 
efficiently. As discussed in Chapter 2.3.2, Matsumoto et al. [Mat07] reported that TiCl3 worked 
efficiently as additive with LiNH2+LiH samples. As it is a well-understood system, TiCl4 was 
applied as an alternative in this study. 3 wt% of TiCl4 were added to the LiNH2+LiH samples 
before they were wet ball milled with THF for 72 hours.  
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Figure 4.68: Hydrogen desorption and absorption cycling results as obtained in the Belsorp-HP system (a) 
without additive; (b) with 3 wt% BN; (c) with 3 wt% TiCl4 
After the milling process, a three-cycle hydrogen desorption/absorption experiment was 
performed in the Belsorp-HP volumetric system. The desorption temperature was 285°C and 
the absorption temperature 200°C, i.e., the same parameters as for the samples with BN 
(Chapter 4.2.5.1).  
Figure 4.60 depicts the results obtained for TiCl4 (cf. Figure 4.60c) in comparison to undoped 
(Figure 4.68a) and BN-doped (Fig. 4.60b) samples. TiCl4 exhibited better recyclability as 
compared to undoped LiNH2+LiH sample. In comparison to BN, however, the equilibrium 
pressure of the sample with TiCl4 was lower than that with BN, making BN the more suitable 
additive.  
 (a)  (b) 
 (c) 
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4.3 LiNH2+MgH2 System 
In this study the 2LiNH2+MgH2 system was under investigation as an alternative system. Similar 
to the LiNH2-LiH system, 20% excess of MgH2 was used to absorb ammonia efficiently which 
means that the molecular ratio between LiNH2 and MgH2 was 2:1.2. The sample names and 
preparation methods applied are shown in Table 4.4: 
Table 4.4: LiNH2+MgH2 sample names and preparation methods 
Sample name Milling time 
[hour] 
Dry/wet  ball 
milled 





2N12Mg-24-D 24 dry 5 and 2 mm /(7:3) _ 
2N12Mg-24-T 24 wet (with THF) 5 and 2 mm /(7:3) _ 
2N12Mg-24-T-3BN 24 wet (with THF) 5 and 2 mm /(7:3) 3 
4.3.1 SEM, XRD and BET Results 
Figure 4.69 -4.70 show SEM images of the LiNH2+MgH2 samples with smaller (left side) and 
larger (right side) magnifications.  The agglomeration sizes of the three samples were similar to 
each other (about 10-20 µm). Figure 4.72 gives the particle size distribution information of the 
three samples. It shows that the dry ball milled sample (2N12Mg-24-D) had larger particle size 
than the wet ball milled samples. Addition of 3 wt% of BN did not change the size and 
morphology of the sample particles clearly. 
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 (a)                                                                         (b) 
Figure 4.69: SEM images of 2N12Mg-24-D 
 
 (a)                                                                         (b) 
Figure 4.70: SEM images of 2N12Mg-24-T 
 
 (a)                                                                         (b) 
Figure 4.71: SEM images of 2N12Mg-24-T-3BN 
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Figure 4.72: Particle size distribution of MgH2+LiNH2 as milled samples 
The BET results given in Table 4.5 show a slightly larger specific surface area for the sample with 
additive. But the differences were not significant. The XRD patterns in Figure 4.73 of sample 
2N12Mg-24 demonstrates that after 24 hours wet ball milling no obvious oxidation or other 
phase change with LiNH2 or MgH2 could be detected.  
Table 4.5: Specific surface area results 






Figure 4.73: XRD pattern of sample 2N12Mg-24-T and 2N12Mg-24-T-3BN 
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●: LiNH2 
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4.3.2 Hydrogen Desorption and Absorption Cycles 
Samples 2N12Mg-24-T and 2N12Mg-24-T-3BN were studied under the same desorption and 
absorption cycle conditions as described in Chapter 4.2.5.1, which means that desorption 
occurred at 285°C and absorption at 200°C for three hours each. The results are shown in Figure 
4.74 and Figure 4.75. 
 
Figure 4.74: Cyclic sorption for 2N12Mg-24 
 
Figure 4.75: Cyclic sorption for 2N12Mg-24-3BN 
From the results in Figures 4.65 and 4.66, respectively, one can see that the weight loss of the 
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second and third cycles resulted in much lower weight loss. Unfortunately, this insufficient 
recyclability was not improved by the addition of 3 wt% of BN. 
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5. Summary and Conclusion 
The specific aim of this work was to improve the property of hydrogen storage material, for 
example, recyclability. With high storage capacity and relatively low desorption temperature as 
compared to other complex hydride hydrogen storage materials, the LiNH2+LiH system was the 
main subject of this thesis. A deeper understanding of its hydrogen desorption mechanism 
should be achieved by means of microstructure and thermodynamic studies.  
As the desorption from LiNH2 particles is the first step of the desorption process of the 
LiNH2+LiH system, the work was divided into two main parts: the study of LiNH2 samples and 
the study of LiNH2+LiH samples.  
5.1 LiNH2 
With regard to the LiNH2 samples, it was found that all the ball milling processes applied (3-72 
hours) successfully reduced the particle sizes of the samples. After 72 hours of wet ball milling, 
the particle sizes were successfully reduced to around 200 nm. XRD studies showed no phase 
change of LiNH2 in the presence of tetrahydrofuran (THF). However, the wet ball milled samples 
with longer milling time tended to have larger crystallite sizes and lattice strain. Compared with 
the dry ball milled sample, within the same milling time the wet ball milled samples tended to 
have larger particle and crystallite size together with smaller lattice strain. This may due to the 
existence of liquid phase THF, the wet ball milled samples received less mechanical strain 
during the milling process. Similarly, the reduced oxidation of the wet ball milled LiNH2 is also 
attributed to the liquid protective cover of THF during the milling process.  
The presence of boron nitride (BN) as additive did not influence the microstructure of the 
samples, significantly. However, it was found that samples with BN had relatively lower 
desorption activation energies together with larger desorption kinetics so that a catalytic effect 
of BN could be presumed.  
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5.2 LiNH2+LiH  
Similar to the LiNH2 samples, the samples with longer milling times tended to have larger 
specific surface areas. Measurements show that the samples possess higher specific surface 
area than reported in the literature. In contrast to the LiNH2 samples, the wet ball milled 
samples tended to have approx. 20% larger specific surface areas as compared to dry ball milled 
samples. This indicated that the wet ball milling processes help to enlarge the specific surface 
areas of LiH but not of LiNH2.  
During the sample desorption process no release of was NH3 detected by means of mass 
spectroscopy for the LiNH2+LiH samples in contrast to the LiNH2 single component specimens. 
Doping LiNH2+LiH with BN did not change the microstructure of the sample powders but 
improved their recyclability, significantly. It has also been found that BN could lower the 
desorption activation energy but not influence the desorption enthalpy. All these results give a 
proof that BN is an efficient additive in the LINH2+LiH system which works in the kinetic aspect. 
Furthermore, BN seemed to have a stabilizing effect on the crystallite size after the high 
temperature desorption and absorption processes. But within the range of 1.5 wt% to 6 wt% 
BN, there was no difference in desorption and recycling behaviour of the samples.  
5.3 Reaction and Diffusion Mechanisms 
Considering thermodynamic aspects together with the diffusion process during the desorption 
process permitted to develop a new model to describe the LiNH2 particle desorption behaviour. 
Including several experimental parameters such as the system dead volume, the sample 
amount, particle size, and desorption temperature provided a general model, which after 
adjustment of a couple of parameters can be applied to other experimental conditions.  
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5.4 Outlook  
The results obtained in this work indicate that specific surface area is not as critical for the 
LiNH2 +LiH hydrogen storage system as thought. Further studies should concentrate more on 
thermodynamic aspects. Different from Ti-based catalysts, BN is not a widely used doping for 
hydrogen storage materials. An extended understanding of its working mechanism together 
with a refinement of the newly developed model could contribute to the development of 
LiNH2+LiH and other hydrogen storage materials.  
Recyclability, storage capacity, and operation temperature are the most important aspects to 
value the practical usefulness of a hydrogen storage material. In this study, the recyclability of 
LiNH2+LiH samples could successfully be improved by BN doping. However, the target 
operational life with a requested number of desorption-absorption cycles in the range of 1000-
1700 was not tested. Therefore, for practical purposes, the long-term behaviour of the material 
requires further work.  
Regarding the storage aspect, a 5.5 wt% weight loss could be achieved with single-desorption 
experiments under vacuum condition. In the closed system, about 2 wt% hydrogen could be 
recycled stored at a desorption temperature of 250°C and an absorption temperature of 200°C. 
This is still too high for engineering considerations, where an operation temperature of approx. 
100°C needs to be met. To improve the low-temperature desorption kinetic will still be a key 
point for further studies.   
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